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ABSTRACT 


This  report  documents  work  performed  during  the  period  January  1 to 
December  31,  1977  under  joint  ONR-DARPA  sponsorship.  This  period  covers  the 
second  year  of  a three  year  program  focused  upon  the  tasks  associated  with 
the  development  of  new  and  improved  materials  for  ceramic  piezoelectric  trans- 
ducers, and  with  improving  the  understanding  of  the  processing  and  properties 
of  present  PZT  ceramics. 

A major  part  of  the  effort  has  been  concerned  with  the  development  of  new 
techniques  for  the  fabrication  of  diphasic  ceramic  and  ceramic:plastic  compo- 
sites and  with  investigation  of  the  manner  in  which  local  and  macroscopic 
symmetry  and  phase  interconnection  (connectivity)  controls  the  coupled  elasto- 
electric  (piezoelectric)  and  thermo-elasto-electric  (pyroelectric)  properties 
of  the  composite.  Replicating  a natural  microstructure  of  desired  connectivity, 
a new  type  of  flexible  ceramic  elastomer  composite  has  been  developed  which 
exhibits  g^-j  constants  over  an  order  of  magnitude  larger  than  PZT  and  has  inter- 
esting potential  for  many  passive  voltage  generation  applications  such  as  in 
hydrophones  and  towed  arrays. 

Tape  casting  (doctor  blade)  methods  are  being  used  to  explore  a wide 
range  of  potentially  interesting  lamellar  heterogeneous  systems  with  ferro- 
electric, antiferroelectric  and  interleaved  electrode  configurations.  New 
pretreatments  of  the  cast  tapes  are  being  studied  to  equalize  shrinkage  in 
the  different  compositions  during  firing  and  poling  and  property  studies  are 
now  in  progress  for  a number  of  these  new  composite  systems. 

Electrostriction  transducers  in  the  ferroelectric  relaxor  family 
Pb2MgNb20g:PbTi02  have  been  studied,  and  in  cooperation  with  Corning  Research 
Center  extruded  multi-element  transducer  structures  incorporating  these 
materials  are  being  investigated. 

The  ADAGE  computer  graphics  facility  at  Penn  State  is  being  used  to 
develop  a family  of  Elastic  Gibbs  functions  for  the  PZT  solid  solution  system 
and  to  study  the  full  three  dimensional  polarization  surfaces  in  the  vicinity 
of  the  morphotropic  phase  boundary. 

Processing  studies  have  been  performed  on  PZT  and  on  various  relaxor 
ferroelectric  formulations.  Preparation,  calcining,  fabrication  and  densifi- 
cation  procedures  have  had  to  be  developed  both  for  conventional  single  phase, 
and  for  the  more  unusual  diphasic  systems  presently  under  study. 
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1,  INTROnUCTION 

This  »'t‘port  ilocuiwuts  woi'k  the  period  0<inu.iry  1 to 

Decontbor  31,  1977  under  joint  ONR-HARPA  sponsorship.  This  period  covers  the 
second  ye^r  of  thive  ye,ir  procpMin  focused  upon  the  f.isks  ,issoc1»Ated  with 
the  development  of  new  ond  improved  iiMteri.ils  for  ceiMiulc  piezoelectric 
ttMnsducers.  ,ind  with  impj'ovirnj  the  underst.indino  of  the  processinij  and 
properties  of  p»'esent  PZT  ceramics. 

Over  the  past  year  a iiMjor  part  of  the  effort  has  been  concerned  with 
developinii  techninuos  for  the  fabrication  of  diphasic  and  polyphasic  ceramics 
and  ceramicrplastic  composites,  and  with  invest  Ujat iini  both  theoretically  and 
experimentally  the  manner  In  which  local  and  macroscopic  symmetry  and  the  nwde 
of  phase  interconnect  ion  (connectivity)  controls  the  coupled  elasto-electric 
(piezoelectric)  and  theriw-elasto-electric  (pyroelecti’ic ) properties  of  the 
composites. 

A special  ceramic  replication  has  been  developed  which  enables  a natural 
micro  structure  with  the  desired  form  of  phase  connection  to  be  replicated  in 
PZT,  yieldino  a completely  new  type  of  ceramic :e1astomer  composite  in  which 
the  PZT  phase  can  be  poled  to  saturation  remanonce  from  simple  surface  elec- 
trodes. This  material  exhibits  constants  over  an  order  of  magnitude  laroer 
than  the  pi'osent  PZT,  is  hlohly  flexible  and  I'obust  to  handle.  This  material 
appears  to  have  very  interesting  potential  for  many  passive  voltape  oeneratlon 
applications  such  as  in  hydrophones  and  in  towed  arr.ivs.  A patent  application 
has  been  submitted  to  cover  the  special  replication  procedure  used. 

Tape  castiiui  (doctor  blade)  methods  are  beiiv’'  used  to  explore  a wide 
ranoe  of  potentially  interestino  lanx'llar  heterogeneous  systems  with  ferro- 
electric, ant  1 ferroelectric  and  Interleaved  electrode  coi\f Iqurat ions . New 
nretreatmi'nts  of  the  cast  tapes  ai'e  belnij  studied  to  equalize  shrinkaoe  In  the 
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different  compositions  during  firing  and  poling  and  property  studies  are  now 
in  progress  for  a number  of  these  new  composite  systems. 

For  more  specialized  applications,  where  a transducer  is  used  for  "slow" 
precise  position  control,  as  in  optical  interferometers,  phase  correction 
mirrors  and  multiposition  mirrors,  high  permittivity  compositions  in  the  BaTiO^: 

CaZrO^  and  PbjMgNb^OgtPbTiO^  systems  are  being  studied.  These  materials  are 
dominantly  in  the  paraelectric  phase,  and  dimension  control  is  obtained 
through  the  high  intrinsic  quadratic  electrostricti ve  effect.  Since  stable 
ferroelectric  domain  structures  do  not  occur,  the  problems  of  dimensional  creep 
and  non-reproducibility  (aging  and  de-aging  effects)  of  the  conventional  piezo- 
ceramic are  largely  eliminated.  Current  studies  suggest  that  for  suitably 
chosen  compositions  in  the  Pb^MgNb^Og: PbliO^  family  "effective"  electrostriction 
constants  may  be  more  than  10  tii))es  those  of  the  conventional  BaTiO^  based  cer- 
amics. We  are  now  working  with  Corning  Research  Center  to  exploit  these  larger  i 

i 

electrostriction  properties  in  extruded  multi-element  transducer  structures. 

A second  major  part  of  this  program  is  aimed  at  achieving  a better  under- 
standing of  the  very  complex  interactions  between  single  domain,  domain  wall  and 
phase  boundary  contributions  which  control  the  electrical,  niechanical  and  electro- 
mechanical properties  of  the  present  PZT  materials,  and  particularly  with  the 
manner  in  which  processing  and  the  resultant  ceramic  microstructure  iwdulate 
these  interactions.  To  this  end,  we  have  used  the  APAGE  computer  graphics 
system  at  Penn  State  to  develop  computational  techniques  to  handle  and  display 
the  phenomenological  Elastic  Gibbs  functions  for  perovskite  ferroelectrics . In 
specializing  the  function  to  the  PZTs,  we  use  those  facets  of  the  behavior  which 
are  least  likely  to  be  grossly  perturbed  by  the  ceramic  microstructure,  naim'ly 
the  phase  transition  temperatures  and  the  spontaneous  strains  as  a function  1 

of  temperature  in  the  ferroelectric  phases.  This  work  is  now  at  the  stage  where  ] 

tl 
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the  whole  phase  diagram  for  the  "single  cell"  pure  PZTs  is  adequately  described 
by  the  function,  and  the  parameters  are  in  the  final  stage  of  refinement  to 
fit  the  spontaneous  strains  with  temperature  indepeti^  ..tt  electrostriction 
constants.  The  ADAGE  graphics  capability  allows  a simple  visualization  of 
the  three  dimensional  polarization  surfaces  at  any  energy  level  and  a direct 
method  of  viewing  the  possible  switching  trajectories  between  rhombohedral  and 
tetragonal  phases  under  elastic  or  electric  stress.  It  is  our  intention  to  use 
the  refined  energy  function  to  compute  single  domain  dielectric  and  piezoelectric 
properties  and  to  ascertain  the  manner  in  which  these  properties  may  be  perturbed 
by  realizable  elastic  and  electric  stress  fields  in  the  ceramic. 

Considerable  work  on  the  processing  of  PZT  and  of  various  electrostrictor 
formulations  has  been  required  to  underpin  the  whole  materials  effort.  Prepara- 
tion, calcining,  fabrication  and  densification  procedures  have  had  to  be  developed 
both  for  the  single  phase,  and  for  the  more  unusual  mixed  phase  materials.  ; 

For  the  conventional  mixed  oxide  starting  materials,  problems  associated  ^ 

with  the  variability  of  the  Zr02  powders  available  to  the  PZT  manufacturers  I 

have  been  studied,  and  new  evidence  adduced  as  to  the  influence  of  the  state  of 

1 1 

aggregation  of  the  Zr02  upon  calcining  behavior  and  upon  sintering  and  resultant  |j 

nicrostructure.  || 

Work  on  the  contract  has  been  described  in  the  following  papers  presented 
at  National  and  International  Meetings  (page  iv)  and  in  the  papers  which  have  I 

been  published  or  are  accepted  for  publication  (page  v). 

< ' 

In  the  following  report,  a very  brief  narrative  description  is  given  of  the 
present  ongoing  work  in  the  areas  of  electrostrictors,  diphasic  materials, 
phenomenological  studies,  processing  work,  and  amorphous  materials.  Studies 
which  have  been  written  up  for  publication  are  included  as  appendices  to  the 
report  and  are  referred  to  in  the  text  in  the  appropriate  sections.  g 
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2.  CERAMICS  FOR  ELECTROSTRICTION  TRANSDUCERS 
2.1  INJMDU_CJ10N 

Very  early  inthe  ewilution  of  piezocerantic  materials,  "soft"  low  coercivity 
ferroelectric  ceramics  were  often  used  under  DC  bias  for  piezoelectric  applica- 
tions. However,  with  the  evolution  of  the  PZT  family,  where  the  effective  coer- 
civity could  be  controlled  by  suitable  'doping' systems  the  present  generation  of 
poled  piezoceramics  completely  replaced  these  early  electrostricti ve  devices. 

Over  the  last  ten  years,  however,  the  rapid  development  of  tape  cast  multilayer 
technology,  and  the  ensuing  development  of  new  high  K low  saturation  anhysteretic 
capacitor  dielectric  formulations  has  considerably  changed  the  situation. 

The  observation  of  very  efficient  ultrasound  generation  from  simple  high  K 
multilayer  chip  capacitors  by  G.  Kino  and  colleagues  at  Stamford  suggested  that 
a new  look  at  electrostricti ve  devices  based  on  the  multilayer  configuration  would 
be  most  desirable.  Earlier  work  ( 1976  Report)  confirmed  the  large  strain  effects 
in  commercial  BaTiO^  based  capacitor  formulations,  and  the  potential  utility  of 
these  electrostrictive  effects  for  certain  device  configurations. 

Over  the  past  year,  the  major  effort  on  materials  for  potential  application 
in  electrostriction  transducer  systems  has  focused  upon  a study  of  the  ferroelectric 
relaxor  dielectrics.  It  has  been  proposed  (1,2,3)  that  in  these  systems  there  is 
a spatially  inhomogeneous  distribution  of  cations  in  the  crystal  lattice,  giving 
rise  to  a broad  spatial  distribution  of  ferroelectric  Curie  temperature  and  the 
coexistence  of  ferroelectric  and  paraelectric  phases  over  a wide  temperature  range. 
Lead  magnesium  niobate  (PMN) (Pb^MgNb^Og)  is  perhaps  the  most  thoroughly  studied 
example  in  the  perovskite  family  of  ferroelectrics , and  a very  extensive  literature 
documents  structure,  dielectric,  optical,  electrooptical  and  nonlinear  optical 
properties  of  this  compound.  Surprisingly  little,  however,  appears  to  have  been 
reported  on  the  electromechanical  properties  of  this  or  of  other  relaxor  materials, 
although  PMN  itself  is  quite  widely  used  in  Japan  as  one  component  in  ternary 
PbTi03:PbZr03: 


Pb3MgNb20g  ceramic  transducer  formulations. 
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E'arly  optical  studies  show  clearly  that  above  -20°C  PMM  has  no  stable  remanent 
polarization,  even  though  large  polarization  levels  can  be  field  induced,  with  cor- 
responding high  stable  quadratic  electrooptic  response.  Clearly  if  the  quadratic 
electrostriction  constants  in  this  structure  are  "normal"  high  stable  quadratic 
electrostriction  should  also  occur.  This  was  shown  to  be  the  case,  and  PMN  itself 
is  superior  to  modified  BaTiO^  in  its  electrostricti ve  response.  The  response  can 
be  further  improved  if  the  Curie  range,  which  is  below  room  temperature  in  PMN, 
could  be  shifted  to  slightly  higher  temperature,  and  our  major  effort  has  been 
focused  on  solid  solution  systems  based  upon  PMN  which  might  accomplish  this  goal. 

Initial  studies  have  been  focused  on  the  following  solid  solution  systems: 

(1 ) PbMg^^2'^b2y302:Pb(rig.|^2Wi/2^°3 

This  system  was  selected  to  investigate  the  evolution  of  properties  across 
a solid  solution  field  between  a disordered  relaxor  (PMN)  and  a cation  ordered 
anti  ferroelectric  (PMW). 

(2)  Pb(Mg^^3Nb2/3)03:Pb(Zn^/3Nb2/3)03 

Selected  to  study  the  evolution  from  a relaxor  of  lower  Curie  range  (PMN) 
to  a relaxor  with  a higher  Curie  range  (PZnN). 

(3)  Pb(Mg^^3Nb2^3)C3:PbTi03 

A solid  solution  between  the  relaxor  and  a simple  tetragonal  ferroelectric 
(abrupt  transition)  material. 

(4 ) PbMg^  /3'^*^2/3*^3  ’ ®3  ’ ^^^”^1  /3^^2/3^3 

When  it  became  apparent  in  the  studies  under  (2)  above  that  we  could  not 

stabilize  the  PZnN  against  the  pyrochlore  alternative  structure,  even  in  solid 
solution  with  PMN,  this  sequence  was  chosen  as  a possible  indirect  route  to 
stabilizing  the  higher  temperature  relaxor,  with,  we  believe,  most  inte"esting 
resul ts. 

In  parallel  with  these  extensive  material  studies,  a lower  level  program 
has  been  carried  on  in  cooperation  with  Corning  Research  Center  to  investigate 
the  possibility  of  using  the  extrusion  techniques  developed  at  Corning  for 
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i exhaust  catalyst  support  structures  to  fabricate  electrostriction  transducer 

arrays  for  possible  optical  applications. 

2.2  STUDIES  OF  RELAXOR  FERROELECTRICS 
2.2.1  Lead  Magnesium  Niobate:  Lead  Magnesium  Tungstate 

Initial  dielectric  studies  showed  that  this  system  was  not  promising 
for  transducer  applications,  since  both  the  Curie  range  and  the  absolute 
level  of  the  permittivity  are  reduced  by  PMW  solid  substitution,  even  though 
the  anti  ferroelectric  Curie  point  of  PMW  (39°C)  is  above  room  temperature. 

Nonetheless,  work  on  the  system  has  been  actively  pushed  forward  because  of 
the  high  potential  which  v;e  believe  it  holds  for  answering  some  of  the  more 
intractable  general  questions  relating  to  the  origin  of  the  relaxor  response 
in  all  systems. 

Preparation,  preliminary  characterization  and  dielectric  studies  on  this 
system  have  been  written  up  for  publication  and  are  attached  as  Appendix  1 to 
this  report.  The  basis  for  our  continuing  interest  may  be  briefly  summarized 
as  follows; 

(i)  Complete  solid  solution  between  the  two  endmembers  has  been  clearly 
demonstrated. 

(ii)  Relaxor  character  (a  diffuse  phase  change)  is  preserved  in  composi- 
tions up  to  80  mole  PMW. 

(iii)  Clear  superlattice  lines  begin  to  appear  in  the  x-ray  spectrum 

which  correspond  with  the  superstructure  observed  in  pure  PMW,  at  compositions 
containing  more  than  20"  PMW.  : 

(iv)  There  is  clear  evidence  of  line  broadening  in  the  superstructure 
lines  at  low  PMW  concentrations  which  is  not  evident  in  the  base  structure 
lines.  This  broadening  decreases  steadily  with  increasing  PMW  concentration. 

One  of  the  most  intractable  problems  in  the  relaxor  systems  is  that  of 
the  scale  of  the  compositional  inhomogeneity  which  gives  rise  to  the  Curie  • 

point  distribution  in  these  crystals.  For  the  PMN:PMW  solid  solutions  the  j 
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dielectric  data  suggest  a heterogeneity  in  the  Nb^*:W^"  distribution,  but  now 
W®"  rich  regions  are  clearly  labeled  by  the  W^^Mq2^  structural  ordering.  We 
believe  that  both  the  size  and  the  strain  in  these  W^:Mg2*  ordered  regions 
can  be  detemined  by  intercon^arison  of  the  line  broadening,  and  the  position 
of  the  superstructure  lines  with  respect  to  the  base  lattice  reflections,  and 
this  work  is  now  in  progress. 

2.2.2  PMg , / 3^  3O3;  1 i Ai  3^,3 

A number  of  compositions  in  this  system  were  made  up  by  solid  state 
reaction  of  the  constituent  oxides  (PbO.  MqO.  ZnO.  Nb^O^)  usinq  a wide  range 
of  calcining  temperature,  with  repeated  calcining  and  regrinding,  in  an  attempt 
to  achieve  homogeneous  single  phase  perovskite  compositions.  In  every  case, 
however,  even  small  additions  of  the  PZnN  to  PMN  resulted  in  the  appearance  of 
a significant  pyrochlore  structure  phase. 

We  believe  that,  as  in  pure  PZnN.  it  would  be  possible  to  suppress  the 
pyrochlore  structure  phase  by  reacting  under  high  pressure,  but  since  the 
primary  object  of  these  -uuiies  was  to  examine  systems  which  could  be  of  prac- 
tical interest,  higher  pressure  studies  were  not  carried  out.  We  chose  rather 
to  try  to  induce  a higher  temperature  relaxor  phase  through  solid  solution 
with  BaZn^^jNbj^jO^.which  is  known  to  have  a stable  perovskite  structure. 

2.2.3  Lead  Magnesium  Niob£t_(^:Le^1.  Titanate  (PMN:PT) 

2.2. 3.1  Sample  Preparation  and  Characterizat ion 

Ceramic  samples  of  pure  PMN.  and  of  PMN;PT  solid  solutions  were  pre- 
pared* from  reagent  grade  oxides  using  techniques  similar  to  those  given  in 
Appendix  1.  Calcining  schedules  for  the  different  convositions  are  given  in  Table 
2.1.  and  the  sintering  conditions  used  and  final  densities  achieved  are  given  n 
Table  ?.2.  X-ray  powder  diffraction  was  used  to  confirm  that  all  samples  had  the 
simple  single  cell  cubic  pewvskite  structure.  Slow  scan  techniques  were  used  for 
a precise  measurement  of  the  lattice  spacing  with  convositlon  in  the  short  range 
of  PT  solid  solution  of  interest  to  confirm  proper  formation. 
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TABLE  2.1 


Composition 

Calcining 

Time  15  Hours 

Fraction  PMN:PT 

First 

Second 

Third 

1. 0:0.0 

850°C 

a70‘’C 

OOO^C 

0.95:0.05 

900°C 

920‘’C 

950“C 

0.90:0.10 

950‘’C 

950°C 

950‘’C 

Calcining  schedule  for  compositions  in  the  PHN:PT  solid  solution  system 


TABLE  2.2 


Composition 


Fraction  PMN:PT 

Sintering 

Temperature 

Time 

Fired 

Density 

1 .0:0.0 

i2ao°c 

2 hours 

7.40  gm/cc 

0.95:0.05 

ISOO^C 

2 hours 

7.45  gm/cc 

0.90:0.10 

1 320^0 

2 hours 

7.41  gm/cc 

Sintering  conditions  and  fired  densities  for  PMN:PT  solid  solutions 
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! 2.2. 3.2  Dielectric  Measurements 

j Pure  PMN;  Weak  field  dielectric  permittivity  as  a function  of  fre- 

i 

(|uency  and  temperature  (Fii].  2.1)  confirm  the  broad  diffuse  character  of  the 
ferroelectric  phase  chanqe  in  this  material,  giving  data  in  good  agreement 
with  earlier  published  values.  Low  frequency  (0.1  Hz)  hysteresis  measurements 
taken  by  the  modified  Sawyer  Tower  method  (Fig.  2.2)  also  confirm  the  absence 
of  any  true  remanent  polarization  in  PMN  at  room  temperature.  In  exploring  the 
high  field  dielectric  saturation  under  large  DC  bias  voltages,  a new  and  inter- 
estinc)  phenomenon  was  observed  which  appears  to  be  characteristic  of  the  ferro- 
electric relaxors.  For  temperatures  above  25'’C  the  measured  permittivity  de- 
creases continuously  with  bias  with  ascending  and  descending  fields  tracing  the 
saim?  path  (Fig.  2.3d).  Below  25'’C,  however,  in  the  relaxation  region,  an 
unusual  inverse  hysteresis  is  observed  (Fig.  2.3b).  At  lower  temperatures, 
the  behavior  again  becomes  largely  anhysteretic  then  finally  at  still  lower 
temperature,  the  expected  butterfly  curve  of  conventional  ferroelectric  behavior 
is  observed  (Fig.  2.3c,d). 

This  unusual  saturation  behavior  was  first  observed  in  pure  PMN  ceramics, 
but  has  now  been  confirmed  in  PMN;PMW  solid  solutions  with  relaxor  character 
and  in  the  PMN:PT  solid  solutions  to  be  described.  Thus  we  are  tempted  to 
believe  that  it  may  be  a phenomenon  occurring  in  all  ceramic  relaxation  dielec- 
trics when  measured  within  the  dispersion  range. 

PMN:PT  Solid  Solutions:  For  compositions  containing  up  to  10  PT,  which 
are  of  imist  interest  technologically,  the  dielectric  relaxation  character 
associated  with  diphase  transition  behavior  is  preserved,  though  the  dispersion 
range  decreases  continuously  with  PT  addition  (Fig.  2.4).  Hysteresis  measure- 
im'nts  confirm  that  compositions  containing  up  to  10  mole  PT  remain  essentially 
anhysteretic  under  low  frequency  cycling  fields.  Under  DC  bias,  the  inverse 
hysteresis  phenomenon  in  the  dielectric  saturation  is  observed  in  all  composi- 
tions, although  as  the  PT  content  increases  the  temperature  range  over  which 
"Inverse"  loops  are  observed  contracts  (Fig.  2.5). 


12,00 


Fig.  2.1  Dielectric  permittivity  in  PMN  as  a function  of  temperature  and  frequency. 
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2. 2. 3. 3.  Electrostriction  Measurements 

The  quadratic  electrostriction  constant  Q12  was  determined  from  mea- 
surements of  the  transverse  contraction  in  thin  ceramic  disks  subjected  to  DC 
bias  fields  applied  in  a direction  normal  to  the  plane  of  the  disk.  The 
dimension  change  was  measured  using  a differential  transformer  dilatometer  at 
the  larger  dilatation  levels,  and  a high  sensitivity  capacitance  dilatometer 
at  the  lower  strain  level. 

Transverse  contraction  as  a function  of  bias  field  for  PMN,  PMN  5 mole  % PT 
and  PMN  10  mole  % PT  are  shown  in  Fig.  2.6.  For  comparison  the  comparable  data 
for  a BaTiOj  type  K6,000  formulation  is  also  shown.  The  PMN  compositions  are 
anhysteretic , and  retrace  the  same  curve  both  with  rising  and  falling  fields. 

The  BaTiO^  based  composition  shows  a weak  remanence,  and  only  the  data  for 
rising  fields  are  reproduced  here. 

Data  for  several  other  PMN  solid  solutions  which  have  been  studied  are 
also  included  in  Fig.  2.6  for  reference. 

At  present  we  are  constructing  a more  sensitive  dilatometer  with  better 
absolute  precision,  so  that  the  temperature  and  time  dependence  of  the  dila- 
tation levels  can  be  completely  documented. 

2.3  PbMg^^2Nb2/3Q3-P^'’'i03-^^^'^1/3^‘^2/3^3 

In  an  attempt  to  circumvent  the  instability  in  the  PMNrPZnN  phase  system, 
several  compositions  in  the  PMN:PT:BaZnN  solid  solution  system  were  fabricated. 

For  this  system,  the  compositions  studied  showed  no  tendency  to  develop  pyro- 
chlore  structure  phases  and  "solid  solution"  formation  was  evidenced  in  the 
continuous  change  of  lattice  parameters  with  composition. 

Dielectric  data,  however,  suggest  the  coexistence  of  two  relaxation  regions: 
one  centered  near  0°C  which  increases  in  magnitude  with  the  mole  fraction  of 
PMN,  the  second  near  110°C  which  increases  with  mole  fraction  of  BaZnN  (Fig.  2.7). 
The  net  result  in  intermediate  regions  appears  to  be  a rather  flat  temperature 
dependence  in  the  average  permittivity  over  a very  wide  temperature  range. 

I 


i 

I 

i 

i 


I 


90XPb{Mg,  ,,fib,,,)0,-10/PbTi0 


Electric  Field 

Fi-].  2.e  Electrostrictive  strain  as  a function  of  electric  field. 
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Since  BaZnN  shows  low  dielectric  pennittivity  with  no  relaxor  character, 

we  believe  that  in  tliese  complex  compositions  the»'e  is  partial  conversion  to 

2+ 

PbZnN,  stabilized  in  a perovskite  form  by  the  residual  Ba  . The  unexpected 
finding  is  that  in  these  solid  solutions,  the  two  Curie  ranges  apparently  do 
not  amalganvtte  to  a single  diffuse  relaxor  peak,  but  to  some  extent  retain 
their  individual  character  more  like  a mixture  of  two  separate  phases. 

This  unexpected  result  does,  however,  suggest  that  with  moi'e  study,  we 
my  be  able  to  stabilize  high  permittivity  behavior  over  a very  broad  tempera- 
ture range  and  probably  also  enhance  the  temperature  stability  of  the  electro- 
striction  behavior  by  using  mixed  systems  of  this  type. 

Dilatation  studies  at'e  now  proceeding  on  these  nx3t'e  complex  relaxor 
systems. 
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3.  DIPHASIC  MATERIALS 

3 . 1 I NLRODUCT  jON 

The  basic  thinking  which  led  to  the  expectation  that  two-phase  systems 
might  offer  significant  advantage  for  certain  types  of  transducer  applica- 
tions has  been  summarized  for  publication  and  is  attached  as  Appendix  II  to 
this  report.  Exploitation  of  these  basic  concepts  has  so  far  concentrated  on 
two  areas  of  study. 

(1)  The  development  of  two-phase  ceramic  .‘plastic  composites,  using 
natural  template  microstructures  to  control  the  connectivity  between  phases 
so  as  to  be  able  to  produce  PZTrplastic  composites  which  could  be  poled  to 
full  saturation  remanence  from  simple  surface  electrodes,  then  processed  to 
give  a mechanically  flexible  transducer  with  very  high  g^^  and  coefficients 
which  might  find  application  in  hydrophones  and  in  towed  array  systems. 

(2)  Developnient  of  techniques  to  produce  ceramic: ceramic  composites  with 
lamellar  heterogeneous  structures,  which  might  exploit  the  wide  range  of  phases 
available  in  the  PZT  and  PSnZT  family.  To  integrate  noble  metal  electrodes 
interleaving  the  lamellae  for  impedance  control,  and  to  explore  the  consequences 
upon  the  high  field  poling  and  depoling  character  of  the  mutual  influence  be- 
tween the  phases  upon  both  the  electrical  and  elastic  boundary  conditions  in 
each  phase. 

Using  a modification  of  the  "replamine  process"  developed  by  E.W.  White 
and  colleagues  at  MRL,  new  transducer  materials  have  been  fabricated  which 
replicate  a natural  coral  microstructure,  and  exhibit  a number  of  the  expected 
features,  i.e.  ease  of  poling,  high  flexibility,  large  g^^  coefficients  and 
very  high  g^  coefficients.  This  work  is  presented  in  Appendix  III. 

For  the  lamellar  heterogeneous  systems,  the  effort  needed  to  co-process 
different  PZT  and  PSnZT  composites  to  high  density  monolithic  structures  has 
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required  considerable  work  upon  preparation,  tape  casting,  assembly  and  densi f ication. 

This  work  is  reported  in  section  5 of  the  report,  which  contains  the  preliminary 
electrical  and  piezoelectric  data  for  several  of  the  composites  which  have  been  fab- 
ricated to  date. 

3 , 2 PZJj  PLASJ  I£  £0_MP0S  ins 

Work  of  the  past  year  using  the  replamine  process  to  develop  a PZT;elastomer 
composite  polable  from  simple  surface  electrodes,  highly  flexible  and  with  large  ^^3 
coefficients  is  contained  in  Appendix  III*. 

Current  work  in  this  area  is  concerned  with: 

(i)  Developing  a suite  of  PZT:elastomer  samples  of  size  and  shape  suitable  for 
more  extensive  and  detailed  evaluation  of  the  parameters. 

(ii)  Further  studies  of  the  preparation  techniques,  in  particular  for  the  re- 
impregnation step  when  the  unpolymerized  elastomer  is  introduced  into  the  fixed 
ceramic  replica.  It  is  this  step  which  at  present  gives  the  major  problem  in  scaling 
up  the  processing  to  produce  larger  samples. 

(iii)  Application  of  the  processing  to  develop  hard  PZT;plastic  composites  I 

using  a "hard"  epoxy  as  the  plastic  phase. 

(iv)  Evaluation  of  the  pyroelectric  response  of  the  hard  epoxy  PZT  composites, 

as  a model  system  to  explore  the  modification  of  the  pyroelectric  figure  of  merit  ^ 

between  single  and  diphasic  systems.  j 

(v)  Examination  of  the  piezoelectric  resonance  spectra  for  the  hard  composites, 
to  enable  characterization  of  the  leastic  anisotropy,  the  mechanical  Q and  the  pieze- 
electric  coupling  coefficients  under  AC  drive  fields. 

(vi)  Determination  of  the  temperature  coefficients  of  resonance  for  simple  exten- 
sional  resonance  modes  to  explore  the  influence  of  material  parameters  symmetry  and 
connectivity,  and  assess  the  possibility  of  using  two-phase  structures  for  tempera- 
ture compensated  resonators. 

♦Complementary  work  at  ttie  NJval  Research  Laboratory,  using  a different  approach, 
has  confirmed  the  piezoelectric  parameters  for  series  and  parallel  connected  compo-  I 

sites,  and  has  led  to  the  development  of  a new  type  of  flexible  macrocomposite 
which  shows  considerably  enhanced  voltage  sensitivity. 
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3.3  LAMELLAR  DIPHASIC  CERAMIC :CERAM1C  COMPOSITES 

Over  the  |MSt  yoi\r  .1  very  he<ivy  emphvisis  in  our  procession  stiniies  h.is 
Oeen  upon  peneratitni  the  necessary  hacknrounO  to  he  able  to  assemhle  ami 
density  these  structures.  This  work  is  covered  in  Section  5 of  this  rof'ort . 

Hasod  on  these  studies  we  believe  that  by  usitu)  pressure  densi ficat ion 
of  the  preen  ceramic  tapes  before  assembly,  we  shall  be  able  to  balance  shrink- 
ane  between  tapes  of  different  composition  and  thus  avoid  the  porosity  problems 
which  plaiiued  initial  fabrication.  Coupled  with  the  ability  to  hot  isostat ical ly 
press  the  presintered  iminolithir  assembla«ies , present  evidence  smujests  that  it 
will  be  possible  to  achieve  adequate  density  and  phase  connectivity  without  too 
much  interdiffusion  between  the  constituent  phases. 

Platinum  electrodes  have  been  successfully  cofired  into  several  of  the 
proprietary  PZT  compositions,  and  data  are  now  beimi  obtained  on  the  nmdifica- 
tioMS  which  can  be  effected  both  in  the  polit\n  characteristics  ami  in  the  piezo- 
electric perfornvince  usinu  these  inteprated  electrode  structures. 


I 


4.1  INTRODUCTION 
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4.  PHENOMENOLOGICAL  STUDIES 

Over  the  first  year  of  this  contract  the  ADAGE  computer  graphics  system 
was  used  to  explore  the  possibility  of  computer  solution  and  display  of  the 
Elastic  Gibbs  Free  Energy  for  simple  perovskite  type  (single  cell)  ferroelec- 
trics.  Two  problems  were  initially  tackled. 

(I)  Using  the  imaging  capability  of  the  ADAGE  to  explore  the  three 
dimensional  polarization  surfaces  of  constant  AG,  near  the  phase  stability 
limits  for  the  simple  Devonshire  function,  so  as  to  be  able  to  delineate  minimum 
energy  trajectories  for  cubic-tetragonal,  tetragonal -orthorhombic,  and  ortho- 
rhombic-rhombohedral  switching. 

(II)  The  evolution  of  a more  complete  energy  function  which  would  mimic 
the  tetragonal -rhombohedral  morphotropic  phase  boundary  so  important  in  the 
PZT  piezoceramics. 

During  the  past  year,  task  I has  been  essentially  completed.  All  three 
phase  transitions  accessible  with  the  simple  Devonshire  function  have  been 
explored  in  detail,  and  a motion  picture  describing  this  study  is  almost  com- 
plete. Preliminary  work  has  been  started  to  explore  the  deformation  of  the 
polarization  surface  by  electric  fields  and  mechanical  stress  to  examine  field 
forced  ferroelectric  switching  trajectories, but  the  detailed  examination  is 
being  postponed  until  the  energy  function  for  PZT  is  available. 

The  major  part  of  our  effort  is  now  focused  onto  the  task  II,  and  progress 
on  this  topic  will  be  discussed  in  the  following  section. 

4 . 2 DEV E LOPME NT  OF  AN  ELASTIC  GIBBS  FUNCTION  FOR  PZT 

In  a simple  ferroelectric  crystal,  derived  from  the  cubic  m3m  prototype, 
the  increment  in  the  elastic  gibbs  free  energy  associated  with  the  onset  of  a 
polarization  P,  with  components  P^ , P2,  P3  may  be  written; 
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AG^  = A(P^+P2+P3)  + B(p|+P2+P3)  + C(P^P^+P2P3+P3P^) 

+D(P®+P2+P3)  +E(P^P2+P^p5+P2Pl+P2P5+P3pi+P3P2) 

+F(P^P^P^)  - 1/2  (X^+X2+X3)  - s^2  (XiX2+X2X3+X3X^ ) 

1/2  (X^+  X5+  Xg)  - Qii{X^P^+X2P2+X3P3} 

- Q^2  +X3(P^+P^)} 

-Q44  fV2Wl  Wl'^2^ 

where  the  A,B,C,D,E,F  are  dielectric  stiffness,  and  higher  order  stiffness 
coefficients,  sj’^ , s|’2,S44  the  elastic  compliances  (measured  at  constant 
. polarization),  Q-j^,  Q12,  Q44  the  cubic  electrostriction  constant. 

The  A,B...  may  be  functions  of  both  temperature  and  composition,  but  in 
any  solid  solution  system  it  is  expected  that  the  variation  would  be  continuous 
across  the  phase  diagram.  To  give  Curie  Weiss  behavior  in  the  paraelectric 
phase, A must  necessarily  be  a linearly  decreasing  function  of  temperature 
passing  through  zero  at  the  Curie  Weiss  temperature  0 which  is  at  or  below 
the  temperature  of  onset  of  the  first  ferroelectric  phase  (T^). 

Initial  studies  had  shown  that  even  if  the  parameters  A,B,C,D  are  given 
continuous  temperature  dependence  a simple  tetragonal : rhombohedral  morphotropy 
could  not  be  developed  from  the  simple  Devonshire  function  {E=F=0).  However, 
by  adding  a positive  E parameter  to  destabilize  the  orthorhombic  and  rhombo- 
hedral phase,  then  restabilizing  the  rhombohedral  phase  with  a negative  F 
parameter,  tetragonal  and  rhombohedral  phases  could  be  made  coincident  over 
a wide  temperature  range  without  any  interleaving  orthorhombic  regions. 

To  permit  ready  visualization  of  the  influence  of  the  A ‘ F parameters 


on  the  resulting  phase  stabilities,  the  ADAGE  has  now  been  progranried  to 


operate  in  a split  screen  mode.  The  ripht  hand  half  of  the  screen  plots 
aG^  vs  T for  all  possible  stable  phases.  .\G^  is  derived  from  a computer 
solution  of  the  polynomial  equations 

3AG, 

* ^ n 


which  yield  the  appropriate  values  of  at  each  temperature.  On  the  ADAGE 
the  A ► F are  under  dial  control  and  linear  temperature  coefficients  can  be 
added  to  any  of  the  parameters  B *•  F.  Markers  are  inserted  at  each  of  the 
intersections  of  the  different  phase  stabilities,  marking  the  equilibrium  tran- 
sition temperatures.  This  information  on  phase  stabilities  is  then  transferred 
to  the  left  portion  of  the  screen,  the  parameters  A ••  F are  incremented  to  new 
values  under  machine  control  and  the  process  is  repeated.  In  this  manner,  a hypo- 
thetical phase  diagram  can  be  rapidly  built  up  for  any  given  initial  choice 
of  parameters,  and  any  chosen  scheme  of  parameter  increments.  Since  the  starting 
values  and  progression  increments  are  under  analog  control  on  the  ADAGE  system, 
new  combinations  can  be  "dialed"  in  at  the  start  of  each  run  and  a wide  range 
of  paranK?ter  combinations  can  be  tested  in  quite  a short  period. 

Experience  using  this  plotting  program  has  confirmed  our  earlier  expec- 
tations in  that: 

(1)  We  cannot  reproduce  morphotropy  with  the  simple  Devonshire  function. 

(2)  In  the  Devonshire  formalism,  as  expected,  the  parameter  0 = C/B  con- 
trols the  relative  stability  of  tetragonal  to  orthorhombic  and  rhombohedral 
phases;  however  the  orthorhombic  phase  always  interleaves  or  is  degenerate 
with  the  rhombohedral. 

(3)  To  generate  a near  vertical  tetragonal -rhombohedral  boundary  requires 
a positive  value  of  E,  and  a negative  value  of  F. 
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(4)  For  all  parameter  combinations  which  generate  a near  vertical 
(morphotropic  boundary)  the  orthorhombic  phase  is  always  very  close  to  (but 
metastable  with  respect  to)  the  overlaying  tetragonal  and  rhombohedral  stability 
curves . 

Having  developed  a small  family  of  dimensionless  parameters  which  mimic 
nx)rphotropy,  the  necessary  task  is  now  to  scale  and  refine  the  fitting  to 
describe  real  P2T  compositions  as  accurately  as  possible.  This  task  clearly 
requires  additional  experimental  data,  and  we  are  proceeding  as  follows; 

(1)  Reprogramming  the  incremental  behavior  of  .T^  to  reflect  the  nonlinear 
behavior  of  vs  composition  in  the  known  PZT  phase  diagram. 

(2)  Measuring  the  spontaneous  strains  ^22  ~ ^33(x)  ^ function 

of  temperature,  by  x-ray  methods  on  a series  of  carefully  prepared  compositions 
in  the  tetragonal  phase  field. 

(3)  Measuring  vs  T for  compositions  in  the  single  cell  rhombohedral 

field. 

(4)  Calculating  P^  vs  T for  each  of  the  combinations  of  parameters  which 
exhibit  morphotropy. 

2 2 

(5)  Using  the  relations  = QiiP^  ^22  ~ ^12^s  measured 

strain  behavior  with  PglT^),  0 and  and  Q12  as  fitting  parameters. 

(6)  Re-calculating  the  phase  diagram  for  the  new  and  0 values  to  con- 

firm that  the  minor  changes  in  these  paran^eters  do  not  degrade  the  initial 
fitting  of  the  phase  diagram. 

The  best  fitting  to  date  has  been  obtained  with  the  following  parameters: 

Ao  = 1 (no  scaling  for  Xo) 

0 = C/B  = -1.20  in  PbZrO^  changing  linearly  to 
+0.80  in  PbTiO^ 

E = 80  X 10'^ 

F = -450.10"^  in  PbZrO-j  changing  linearly  to 

-200.10'®  in  PbTi03 


Ih 

The  temperature  behavior  of  (Fig.  4.1)  is  chosen  to  fit  the  phase 
diagram  given  by  Jaffe  Cook  and  Jaffe  . 

The  trend  of  T^  - 0 from  PbTiO^  to  PbZr^  ^Ti^  ^0^  required  for  fitting 
is  shown  also  in  Fig.  4.1.  The  resulting  values  for  Q.|.|  vs  composition  are 
shown  in  Fig,  4,2  together  with  the  calculated  values  of  P^  (Zb^’C)  vs  compo- 
sition. The  fitting  of  the  observed  and  calculated  spontaneous  strains  for  pure 
PbTiO^  and  for  PbZrg  ^Tig  ^0^  are  shown  in  Fig.  4.3.  For  intermediate  composi- 
tions, the  fitting  is  very  similar.  To  obtain  this  fitting,  however,  it  is 
necessary  to  assume  that  ^ and  (increase  continuously  with  increasing  Zr 
content  as  shown  in  Fig.  4,2. 

The  difficulty  of  proceeding  from  the  measured  sinole  crystal  data  is 
admirably  shown  in  Fig.  4.2.  The  triangular  data  points  for  P^  are  taken  from 
the  compilation  by  Landolt  Bornstein.  The  scatter  for  pure  PbTiO^  is  immedi- 
ately evident,  the  very  low  value  for  single  crystals  of  PbZi'g  ^Tig  ^0^  is 
clearly  incorrect,  while  the  corrected  ceramic  value  (assuming  perfect  poling) 
at  the  rhombohedral  44:56  composition  is  very  close  to  the  predicted  curve. 

The  next  step  in  refinement  will  be  to  select  a value  so  as  to  scale 
the  dielectric  permittivity.  Here  again,  the  quality  of  the  available  single 
crystal  data  leaves  much  to  be  desired.  Normally  it  is  a trivial  task  to 
select  to  fit  the  Curie  Weiss  behavior  above  T^;  however  in  both  ceramics 

and  single  crystals  values  of  the  Curie  constant  C have  been  quoted  which 

5 -“i 

range  from  less  than  1.5  x 10  to  greater  than  14  x 10  • Since  usually  the 
lowest  values  of  C are  most  reliable,  we  propose  to  select  initially  C = 1.5  x 

5 

10  . For  our  values  of  T^  - 0 this  gives 
K = 10,000  at  T^,  for  PbTi03 
K = 30,000  at  T^.  for  PbZrg  ^Tig  ^03 

which  are  not  unrealistic  as  compared  to  the  best  measured  single  crystal 
values. 
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Fig.  4.1  Curie  temperature  and  Curie  Weiss  temperature  as  a 
function  of  composition  in  PZT. 
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Fig.  4.2  Calculated  values  of  Qn  and  of  Ps(25°C)  as  a 
function  of  composition  in  PZT. 


ELECTROSTRICTION  CONSTANT  Q 


Calculations  of  the  anisotropic  dielectric  permittivities  and  the  piezo- 
electric d,  g,  a,  b parameters  for  the  single  domain  states  are  now  proceeding. 


5.  PROCESSING  STUDIES 


5.1  INTRODUCTION 

The  majority  of  the  processing  work  described  in  previous  reports  has  been 
completed.  Our  goal  of  developing  "standardized"  processes  that  allow  us  to 
duplicate  industrial  practice  in  batching,  calcining,  forming,  and  sintering 
mixed  oxide  compositions  and  processing  precalcined  coniiiercial  formulations  has 
been  attained.  Four  papers  prepared  for  publication  describing  the  different 
aspects  of  this  work  are  included  in  the  appendix. 

In  the  past  6 month  period  we  have  concentrated  our  efforts  on  the  problems 
associated  with  the  fabrication  of  lamellar  heterogeneous  devices  (LHD's).  The 
topics  include: 

A.  Powder  Preparation 

B.  Tape  Casting 

C.  Fabrication  of  Devices 

D.  Dielectric  Measurements 

E.  Hot  Isostatic  Pressing 

5 . 2 POWpi  R PRE  P ARAT_I  ON 

The  fabrication  of  many  of  the  LHD's  will  reguire  chemically  prepared  pre- 
cursors for  control  of  reactivity  during  sintering. 

The  preparation  and  reactivity  evaluations  of  chemically  prepared  oxides 
and  PZT  compositions  are  described  in  the  appendix. 

At  present  we  are  continuing  our  investigations  of  the  reactivity  of  these 
materials.  The  goal  of  the  work  is  the  development  of  a one-step  process  in 
which  chemically  prepared  powders  can  be  introduced  into  tape  without  prior 
calcining.  Rate  controlled  sinterinn  will  be  used  to  fire  the  tapes  to  produce 
the  right  phase  prior  to  the  high  temperature  densi fication  period. 


5.3  TAPE  CASTING 


Work  is  continuino  on  usiiui  the  technique  of  post  castinq  pressinq  (PCP) 
to  increase  the  qreen  tape  density.  In  previous  work  we  have  demonstrated 
that  PCP  can  be  used  to  increase  the  qreen  density  by  as  much  as  30'..  This 
increase  in  density  siqni ficantly  alters  the  sinterinq  kinetics  of  the  tape. 

A very  interestinq  trend  has  been  noted  where  the  qreen  density  and  fired 
density  have  a linear  relationship  over  a raniie  of  qreen  densities  from  3.6  to 
4.7  qm/cc  (See  paper  by  Biqqers,  Shrout  and  Schulze  in  appendix). 

In  addition  the  PCP  tape  fires  to  acceptable  densities  at  temperatures 
lOO^'C  lower  than  a pressed  disc  of  the  same  composition.  The  PCP  process 
appears  to  have  qreat  utility  in  the  fabrication  of  LHO's.  With  this  process 
it  was  possible  to  lower  the  sinterinq  temperatures  and  control  firinq  shrink- 
aqes.  The  control  of  shrinkaqe  is  a critical  problem  in  the  fabrication  of 
the  LHD's  described  in  later  sections  of  the  report. 

Work  in  proqress  includes  extension  of  the  qreen  densi ty- fi red  density 
data  to  lower  and  possibly  hiqher  values  of  qreen  density.  We  are  also  buildinq 
a warm  rollinq  apparatus  that  will  enable  us  to  densify  larger  quantities  of 
tape  with  more  reproducibility  than  is  currently  achieved  with  batch  uniaxial 
pressinq. 


5 . 4 FABRICATION  OF  OEV ICES 

We  are  presently  buildinq  the  following  LHh  configurations: 

A.  Multiple  layers  of  ceramics  with  the  same  composition  and  external 
electrodes . 

B.  Multiple  layers  of  ceramics  with  different  compositions  and  external 
electrodes. 

C.  Multiple  layers  of  ceramics  with  the  sanie  composition  and  internal 
electrodes. 


D.  Multiple  layers  of  ceramics  with  different  composition  and  internal 
electrodes. 


Many  variables  are  encountered  in  the  fabrication  of  the  devices.  The 
iiiost  important  under  investigation  are: 

A.  Reactivity  of  oxides  or  compounds  and  the  effect  on  sintering. 

B.  Effect  of  tape  green  density  on  sintering. 

C.  Fabrication  techniques  requir'ed  to  electrode,  assemble  multilayers. 

D.  Binder  burnout  of  tape  and  electrodes. 

E.  Sintering  including  electrode  compatibility  and  interaction  of 
ceramic  layers  of  different  compositions. 

5.5  D I el  ectric  MEASUREMENTS 

Dielectric  measurements  are  being  conducted  to  compare  the  effect  of 
various  fabrication  methods  on  the  electrical  properties  of  commercial  material. 
Initial  studies  have  been  limited  to  four  compositions  from  Ultra  Sonics 
(401-888,  401.  501.  and  U5H-32). 

A comparison  is  to  be  made  between  conventionally  pressed  and  tape  cast 
single  phase  materia''.  These  results  will  be  used  to  study  the  interactions 
in  cofired  composites  of  one  or  more  ceramic  compositions  and  internal  platinum 
electrodes.  The  primary  measuren«nts  will  be  d,,  and  complex  permittivity  as 
a function  of  temperature  and  frequency. 

The  devices  were  prepared  from  tape  produced  as  described  in  the  paper 
by  Biggers,  Shrout  and  Schulze  included  in  the  appendix. 

The  multiple  layer  device^'  were  built  up  from  one-inch  squares  cut  from 
green  tape.  After  stacking  the  composites  were  uniaxially  pressed  at  50''C 
and  5000  psi . 

The  parts  with  internal  electrodes  were  fabricated  from  one-inch  squares 
of  green  tape  on  which  the  platinum  electrode  patterns  were  screen  printed. 

The  platinum  ink  was  allowed  to  air  dry  and  the  requisite  number  of  layers 
was  stacked  and  uniaxially  pressed  at  50"'C  and  5000  psi. 
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For  binder  burnout  the  parts  were  placed  on  a zirconia  setter  and  fired 
in  air.  A typical  binder  burnout  schedule  for  the  parts  was  one  hour  heat-up 
to  llO^’C  hold  for  2 hours,  2 hours  to  280°C  with  a 3-hour  hold  followed  by 
one  hour  change  to  350”C  with  a one-hour  hold. 

Firing  was  done  in  alumina  containers.  The  parts  were  placed  on  ‘etters 
of  their  own  composition.  The  setters  were  stacked  together  with  a PbO  source 
at  the  top  and  bottom  of  the  stack.  A silicon  carbide  resistance  furnace  was 
used  for  sintering.  The  firing  schedule  included  a 200°C/hr  heat-up  to  1330°C 
with  a 2-hour  hold  followed  by  cooling  with  the  power  off. 

Initial  measurements  indicate  that  there  is  essentially  no  difference 
(tolerance  ±5X)  in  the  electrical  characteristics  of  ceramic  prepared  by  cold 
pressing  or  tape  casting.  It  is,  however,  necessary  to  consider  the  density 
and  microstructural  difference  that  may  occur  when  sintering  from  these  two 
fairly  different  green  states. 

Tables  !i5.1  and  5.5.2  may  be  used  to  compare  fired  single  tape  layers  and 
pressed  multilayer  ceramic  bodies  with  the  typical  values  obtained  from  conven- 
tionally cold  pressed  ceramic.  The  reduction  in  K and  to  a lesser  extent  d^^ 
in  the  single  layers  can  be  attributed  mainly  to  a reduced  density  (see  appendix 
on  pressing  effects  on  tape).  The  samples  produced  from  pressing  and  cofiring 
10  layers  had  higher  densities  which  resulted  in  higher  K and  lower  tan  iS  (1), 

Some  two  layer  composites  have  been  prepared  using  a "hard"  and  "soft" 

, PZT  to  explore  the  possibility  of  producing  a composite  with  improved  high  drive 
field  stability.  Results  of  tests  on  the  first  two  composites  are  listed  in 
Table  5.5.2.  The  calculated  values  were  derived  using  the  experimental  values 
in  Table  5,5.3  and  the  following  series  mixing  equations. 

(t^+t2)(K2t^+K^t2) 

_ 2 ^ ^^^2'  1 
33 


t 

Ji 
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Table  5 . 5. 1 


Electrical  Properties  of  Tape-Cast  Single  Laver  PZT's. 


Specimen 

Designation 

Pol ing* 
Cond. 
(kV/m) 

K' - (IkHz 

Coniti. 

Data 

- 25'’C) 

Exp. 

tan  4 

IkMz  - 25"C 

833'  (x  10"^"  C/fO  - 25"C 

Comii.  I- 

Data 

4J0 

3000 

1350 

1100 

0.0100 

290 

295 

401-888 

3000 

1000 

893 

0.0045 

215 

230 

501 

3000 

2000 

1000 

0.0237 

400 

370 

IJ5H-32 

3400 

3200 

2120 

0.0340 

590 

510 

‘Specimens  poled  for  2 

minutes  at 

lOO^C. 

24  hours  after  poling. 


Tables. 5. 2 


Electrical 

Properties 

of  Tape 

-Cast  10  Layer 

(Multi)  PZT 

•s. 

Specimen 

Designation 

Poling* 

Cond. 

(kV/m) 

K r-  (ikHz 

Court. 

Data 

- 25‘'C) 

Exp. 

tan 

IkHz  - 25"C 

833  (10 

Comm. 

Data 

C/N)  - 25‘'C 

Exp. 

401 

2600 

1350 

1130 

0.0050 

290 

300 

401-888 

2600 

1000 

935 

0.0027 

215 

225 

501 

2200 

2000 

1600 

0.0180 

400 

425 

UdH-32 

2000 

3200 

2070 

0.0298 

590 

580 

‘Specimens  poled  for  2 

minutes  at 

lOOT. 

•24  hours  after  poling. 


Table  5.5.3 


Electrical  Properties  of 

Tape-Cast 

Multi  (50/50) 

Laver  PZT's. 

Specimen 

Designation 

Pol ing* 
Cond. 
(kV/m) 

k - (IkHz  - 2d"C) 

tan  tV' 

ILHz  - 25''C 

833  (10*’*’  C/iN) 

lOOMz  - 25‘’C 

% 

Cal . 

Exp. 

Cal.  [ xp . 

% 

4 J1 -808/501 
401-OS8/U5H-32 

3000 

2400 

1180 

1 288 

1050 

969 

0.0100 

0.0123 

299  275 

335  315 

‘Specimens  poled  for  2 minutes  at  100"f. 
24  hours  after  poling. 
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where  t =»  fraction  of  total  thickness,  K relative  permittivity  and  d » d^^ 
of  component. 

All  experimental  values  fall  below  those  calculated  from  dense  tape  cast 
material.  The  decreases  are  most  likely  the  result  of  a decreased  density  in 
the  soft  phase  (U5H-32  or  501)  which  has  now  been  shown  to  have  a greater 
linear  shrinkage  than  the  401-888  material.  It  appears  that  the  coniiion  surface 
is  well  bonded  and  the  first  layer  to  approach  maximum  shrinkage  clamps  the 
densi f ication  in  the  adjacent  layer.  The  result  is  increased  porosity  in  one 
layer  along  the  interface.  Experiments  are  now  being  conducted  in  pretreatment 
of  the  tapes  to  equalize  the  shrinkage. 

Figure  5.5.1  illustrates  the  relaxations  that  occur  when  combining  FZTs  with 
quite  different  additions.  The  hard  materials  have  modifications  that  cause 
oxygen  vacancies  which  result  in  conductivities  about  three  orders  of  magnitude 
greater  than  the  materials  with  additives  causing  A-position  vacancies.  As  the 

i 

temperature  is  increased,  the  RC  time  constant  of  the  hard  layer  is  decreased  j 

and  interfacial  polarization  contributes  to  the  permittivity  at  higher  fre-  I 

quencies.  This  is  most  apparent  in  the  increase  in  the  tan  when  the  RC  tinn? 
constant  becomes  equal  to  the  inverse  of  the  frequency.  At  iKHz  the  relaxation  (; 

occurs  at  approximately  the  same  temperature  as  the  transition  in  the  401-888 

1 

material , resul  ting  in  a large  tan  ("i  peak  at  265"C.  When  the  resistivity  de- 
creases by  an  order  of  magnitude  with  increasing  temperature,  the  relaxation 
occurs  at  10  KHz  (365"C).  At  higher  temperature  this  again  occurs  for  100  KHz 
at  420‘'C.  ^ 

The  very  nonuni fotmt  voltage  distribution  that  may  occur  as  a function  of 
frequency  suggests  that  very  different  poling  conditions  may  be  achieved  depend- 
ing on  the  application  of  field.  A OC  poling  condition  would  apply  most  of  the 
field  across  the  insulating,  soft  layers  and  build  up  a space  charge  at  the  inter-  ^ 

face  due  to  the  conduction  through  the  hard  layer.  Pulse  poling  would  be  tempera- 
ture dependent  and  apply  the  voltage  inversely  proportional  to  the  permittivities. 


■ ■ 'I 

J 

I 
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5.6  HOT  ISOSTATIC  PRESSING 

One  of  the  most  serious  problems  encountered  in  fabrication  of  the  LHD's 
is  difficulty  in  obtaining  matched  shrinkages  and  similar  fired  densities  with 
layers  of  different  composition. 

The  post  casting  pressing  technique  already  described  is  one  method  of 
solving  the  problems  of  cofiring.  It  is  possible  that  some  variation  of  hot 
isostatic  pressing  in  conjunction  with  PCP  may  produce  the  best  LHD's. 

In  the  HIP  process  it  is  necessary  to  achieve  closed  porosity  ('^92%  theo- 
retical density)  by  conventional  sintering.  The  parts  can  then  be  hipped  to 
nearly  theoretical  density  at  lower  temperatures  and  times  than  the  sintering 
process. 

In  the  process  envisioned  substitution  of  chemically  prepared  oxides  or 
compounds  in  the  PZT  compositions  and  pressing  of  the  tape  would  be  used  to  j 

i 

obtain  the  desired  closed  porosity  state  by  sintering  at  low  temperatures  and 
short  times.  The  parts  would  then  be  hipped  to  acceptable  densities  for  elec- 
trical nroperty  evaluation.  This  combined  process  may  be  the  only  way  of  j 

fabricating  devices  with  ceramic  layers  of  radically  different  compositions.  i 

With  the  previous  hot  isostatic  press  design,  problems  associated  with  | i 

j'l 

convectional  heat  loss  at  high  gas  pressures  were  encountered,  leading  to  steep  I i 

i ' 

temperature  gradients  in  the  hot  zone  and  excessive  power  input  requirements. 

The  temperature  gradients  have  been  largely  eliminated  by  incorporating  a 
hearth  heater  into  the  furnace  structure.  However,  the  low  thermal  efficiency 
(for  example,  with  pure  argon  at  3000  psi  the  highest  temperature  attainable 
was  only  1210°C  for  a power  input  of  7 KVA)  has  meant  that  conventional  furnace 
designs  based  on  conduction  and  radiation  controlled  heat  transfer  must  be 
abandoned  in  favor  of  a system  designed  to  eliminate  convection. 

Accordingly,  in  the  present  HIP  design  (Fiq.  5.6.1)  the  heating  element, 
a molybdenum-wound  alumina  crucible  4"  high  x 2"  internal  diameter,  is  enclosed 

- _ u 


y 


within  four  sealed  concentric  ceramic  and  metal  cans  which  act  as  convection 
barriers.  The  innermost  alumina  barrier  provides  both  thermal  and  electrical 
insulation.  This  arrangement,  which  can  be  readily  assembled  for  rapid  specimen 
turn-around,  has  proved  to  be  very  thermally  efficient,  requiring  only  0.8  KVA 
of  power  to  maintain  the  hot  zone  at  1300°C  under  3000  psi  argon  pressure. 

Although  these  HIP  conditions  would  be  typical  for  the  PZT  compositions  now 
under  investigation,  the  equipment  has  been  tested  to  1700°C  and  4,400  psi. 

Hot  zone  temperature  profiles  at  various  pressures  are  shown  in  Figs.  5.6.2a 
and  5.6.2b.  It  has  been  found  that  the  length  of  the  constant  temperature  region 
is  very  dependent  upon  specimen  size.  Large  specimens  interrupt  the  con/ection 
path  within  the  hot  zone  and  reduce  its  ability  to  even  out  temperature  gradients. 
Although  a large  temperature  drop  is  observed  in  the  lower  part  of  the  furnace, 
it  should  be  noted  that  the  temperature  within  the  top  inch  of  the  hot  zone  is 
constant  to  within  10°C  for  small  specimen  size.  The  length  of  the  constant 
temperature  region  can  be  increased  if  necessary  by  incorporating  a hearth  heater 
within  the  wound  alumina  crucible. 

Characterization  experiments  are  now  in  progress  to  determine  the  optimum 
HIP  conditions  for  the  various  PZT  compositions  being  studied.  Preliminary  work 
on  a 95T.  dense  PbTiQ  ^^Zr^  ^^0^  composition  indicates  that  theoretical  density 
can  be  obtained  in  this  material  after  one  hour  at  1300°C  under  3000  psi  with 
approximately  1«  weight  loss  due  to  lead  oxide  vaporization.  Attempts  to  control 
this  weight  loss  have  included: 

A.  Encapsulating  the  specimens  in  platinum  foil  --  expensive  and  did  not 
significantly  reduce  vaporization  of  PbO. 

B.  Incorporation  of  PbO  source  material  within  the  hot  zone.  The  excess 
lead  oxide  was  reduced  in  the  neutral  HIP  atmosphere  and  this  led  to 


degradation  of  the  platinum  thermocouples. 


C.  Minimizing  the  HIP  time.  This  has  proved  to  be  the  most  successful  method 
of  avoiding  weight  loss. 


Discoloration  has  been  observed  in  hot  isostatically  pressed  specimens 
on  removal  from  the  press.  This  may  be  due  to  contamination  by  traces  of 
volatile  molybdenum  oxides  present  within  the  furnace.  However,  it  would  seem 
more  probable  that  slight  surface  reduction  of  the  PZT  occurred  in  neutral  HIP 
atmosphere  since  the  specimens  regained  their  original  colors  when  reheated  to 
1000®C  in  air.  To  eliminate  this  problem,  the  HIP  furnace  will  be  rewound 
with  platinum  and  operated  in  a slightly  oxidizing  environment. 

Measured  dielectric  constants  and  d^^  values  for  this  hot  isostatically 
pressed  composition  show  increases  consistent  with  the  increase  in  density  (See 
Table  5.6.1).  A comparison  of  micrographs  of  both  the  pre-sintered  and  the  hot 
isostatically  pressed  materials  (Fig.  5 .6.3)  indicates  that  the  HIP  process 
has  virtually  eliminated  porosity  without  otherwise  affecting  grain  morphology. 

A program  of  HIP  experiments  on  other  piezoelectric  materials,  e.g.  tape-cast 
composites  and  Coming's  "honeycomb"  structured  BaTiO^  ceramic  is  now  in  progress. 
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6.  AMORPHOUS  FERROELECTRICS 

6.1  INTRODUCTION 

The  theoretical  studies  of  Lines  (6.1)  and  initial  experimental  work  at 
Bell  Telephones  by  Nassau  (6.2)  and  Glass  (6.3)  suggest  the  possibility  of 
achieving  ferroelectric  properties  in  a glass.  The  theory  suggests  that  for 
the  possibility  of  ferroelectric  ordering  the  network  should  incorporate 
highly  polarizable  ionic  groupings  such  as  the  BOg  octahedron  and  that  for  such  com- 
pounds the  network  arrancement  would  always  have  a Curie  point  T(-  signi ficantly  below 
that  of  the  corresponding  regularly  ordered  crystalline  structures.  Thus 
potential  materials  of  interest  should  have  very  high  proper  ferroelectric 
Curie  temperatures  in  the  crystalline  phase,  with  the  possibility  of  multi- 
axial  polar  arrangements  within  the  polarizable  "sub  units"  of  the  regular 
ordered  crystalline  unit  cell. 

Lithium  niobate  satisfies  these  requirements  and  shows  unusual  properties 
•in  the  splat  quenched  glass  which  could  be  attributed  to  a ferroelectric 
ordering. 

Roller  splat  quenching  is  a difficult  task  with  lower  thermal  conductivity 
inorganic  liquids.  The  objective  of  our  studies  was  to  produce  stoichiometric 
amorphous  films  of  a very  high  T^  ferroelectric  compound  by  the  RF  sputtering 
process,  and  to  test  the  dielectric  and  related  properties  of  these  films  for 
potential  ferroelectric  activity.  For  these  studies,  strontium  pyroniobate, 

Sr2Nb20y,  was  selected  as  it  has  one  of  the  highest  known  Curie  temperatures  of 
all  oxide  ferroelectrics.  It  was  hoped  that  if  the  amorphous  films  themselves 
showed  normal  dielectric  response,  it  might  be  possible,  by  suitable  thermal 
annealing,  to  induce  controlled  recrystallization  and  thus  explore  the  evolu- 
tion of  the  properties  of  the  crystalline  phase  for  micro  crystalline  sizes. 


6.2  SAMPLE  PREPARATION 


RF  sputtering  of  insulators  is  itself  a highly  complex  and  difficult 
subject.  Much  progress  has  been  made,  particularly  within  the  last  10  years  in 
characterizing  and  correlating  the  release  and  deposition  mechanisms,  but  it  is 
still  not  possible  to  predict  "ad  initio"  the  required  boundary  conditions  and 
much  initial  exp-r^nentation  is  required  for  each  new  compound  to  establish 
the  choices  of  geontetry,  carrier  gas  species,  pressure,  power  level,  substrate 
requirements,  substrate  temperature,  etc.  for  successful  sputtering. 

During  the  past  year  over  500  sputtering  runs  have  been  carried  out  to 
test  out  and  optimize  the  parameters  for  Sr2Nb20y  so  as  to  be  able  to  repro- 
ducibly  sputter  stoichiometric  films  onto  a range  of  different  substrate 
materials . 

Using  a standard  MRC  model  8502  sputtering  unit  operating  at  13.5  MUz  with 
2"  diameter  ceramic  target  and  a target  substrate  spacing  of  the  following 
optimum  conditions  were  found. 

(1)  Carrier  gas  pure  O2  at  pressure  30.10  ^ ton*. 

(2)  Power  level  50  watts. 

(3)  Substrate  recrystall ized  Al-0,. 

C.  O 

(4)  Target  composition  2^Sr0l^  05' ^^^2*^5^' 

The  off  stoichiometry  in  the  target  required  to  produce  stoichiometric 
films  on  the  substrate  was  traced  to  a high  re-sputtering  rate  from  the  sub- 
strate, which  also  gives  rise  to  an  unusually  low  effective  sputtering  rate 
in  this  sytem.  By  redesigning  the  dark  space  shield  on  the  target,  it  was 
found  possible  to  improve  the  sputtering  rate  for  oblique  angles,  and  in  this 
manner  to  achieve  deposition  rates  of  more  than  50  A/minute. 

6 . 3 0 1_EL  ECTR  K STUD  I ES 

After  considerable  experimentation,  pinhole  free  samples  up  to  10  ..m  in 
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thickness  with  stoichiometry  corresponding  to  SrgNb^O^  Sditable  for  dielectric 
studies  were  obtained. 

X-ray  powder  diffraction  gave  no  discernible  structure,  but  after  heating 
to  1200°C  t'or  4 hours  a pattern  corresponding  to  the  polycrystal  Sr2Nb207 
material  prepared  by  conventional  ceramic  methods  was  obtained. 

Dielectric  n)easurements  taken  as  a function  of  temperature  and  frequency 
on  the  amorphous  films  are  shown  in  Fig.  6.1,  and  the  corresponding  loss  tangent 
in  Fig.  6.2.  Unfortunately,  the  dielectric  results  do  not  provide  any  unequivocal 
evidence  either  for  or  against  ferroelectrici ty.  The  frequency  dependence  of  the 
higher  temperature  rise  in  e'  and  the  corresponding  rapid  rise  in  tan  6 suggest 
that  this  is  extrinsic,  and  associated  with  space  charge  deformation  of  the 
potential  distribution  (Ma xwel 1 -Wagner  effect) . 

Attempts  to  pole  the  films  with  high  DC  fields  at  room  temperature  gave 
no  residual  pyroelectric  effect,  and  there  was  no  evidence  of  dielectric  hys- 
teresis. The  films  are  too  thin  for  proper  bulk  measurements  of  the  optical 
properties  but  exhibit  no  starting  birefringence,  or  substructure  which  could 
be  associated  with  ferroelectric  ordering.  Thus  we  are  tempted  to  believe  that 
amorphous  Sr2Nb20^,  as  fabricated  by  R.F.  sputtering  onto  a cool  (less  than 
400°C)  substrate  does  not  exhibit  ferroelectricity. 

6.4  PRELIMINARY  ANNEALING  STUDIES 

Amorphous  Sr2Nb20y  films  deposited  on  recrystallized  alumina  proved 
j remarkably  stable  under  thermal  annealing. 

Initial  runs  were  for  18  hours  at  300,  500,  700  and  lOOO^'C  produced  no 
observable  change  in  the  film  under  microscopic  examination.  Increasing  the 
time  at  1000°C  from  36  hours  even  up  to  148  hours,  again  showed  unchanged 
amorphous  films. 
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Raising  the  temperature  to  \?00"C  collapsed  the  film  into  isolated 
islands,  which  showed  the  characteristic  x-ray  pattern  for  Sr^Nb^O^. 
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1.  Int  roilnet  ton 

Cemt  ma>;nesinni  nlobate  U’MN)  Is  a t er  roe  I ee  t r le  material  with  dltfiise 

(1  j ) 

phase  transition  ’ . The  strmtnre  is!  i-nbie  (I’mlm)  at  room  temperature,  with 

no  evUtence  of  lonn-ranRe  onlerlng  of  the  illsstmllar  It  site  rations  In  the  Allt'^ 
perovskite  stnietvire.  The  wi-ak  lleKl  illeleetrlo  pri'pert  les  are  strongly  dis- 
persive with  a broad  frequenev  dependent  maximum  In  i ' In  the  ranpi*  0 t (> 
and  a corresponding  broad  maximum  In  f"  at  lower  temperatures.  A very  extensive 
literature  covering  many  of  the  pn’pert  ies  of  this  ciunpound  Is  effectively  sum- 

(1.4) 

iruirlzed  In  l.andolt  Bornsteln 

•At  roi'm  temperature  rblMgj  ^.,Wj  ^ ,)0  ^ (TMIV)  has  .in  or  t horhomb  lea  1 1 v distorti-d 
perovskite  structure,  with  a unit  coll  whicli  Is  apprv'x  Ima  t e 1 v 4a  x 4a  x sa, 
wliert'  .1  is  the  dimension  of  the  normal  perovskite  slngU-  cell  il'-t 
formula  unlts/unlt  cell).  The  origin  of  this  enlarged  "supercell"  has  been 

. . O) 

traced  to  two  phenomen.a  : 

2+  b+ 

(I)  .A  three  dimensional  ordering  ol  the  Mg  .uul  W v-. it  Ions  in  t lu'  H sites 

of  the  .ABO  j structure,  producing  a doubling  of  the  unit  cell  edges. 

(II)  Antlpolar  displacements  I'f  the  Ions,  le.tding  to  .in  .uhl  1 1 lon.i  I di'ubling 
I’Mlv  undergoes  a transition  from  quadrupled  to  dv'iibleil  cell  I'ar.imeters  .it 

with  .1  we.ik  dielectric  m.iximiim  at  tills  ph.isi'  ch.in-.i'  .iml  .i  loss  ot  t lu' 
ort  horhiimb  Ic  d Istort  lon^^\  Since  the  lower  t emper.it  me  ph.ise  does  not  exhibit 
dlelectrii'  hysteresis  It  has  been  classified  .is  .int  I f er  roe  1 i-c  t r Ic  . 

The  present  work  shows  that  I’MN  .ind  rMW  form  .i  I'omplete  range  of  si'l  Id  solu 


— — 1 

' ’ 

t Ions  botwi'on  ttu'  two  ondmombt'r  compos  1 1 Ions . Ot  spocl.il  interest  for  tliese 
studies  w;is  tilt'  ni.inner  in  which  t lie  dielectric  lilspersion  cti.in>;es  wltli  ci’mposi- 
t ion  in  tile  solid  solution  range,  the  evolutiim  of  the  ordereil  superstructures, 
and  the  modifications  whicti  occur  in  the  higher  field  dielectric  properties 
.IS  the  ordered  cation  arrangement  becomes  established.  This  paper  is  concerned 
primarily  with  the  dielectric  propertle.s.  A more  det.iiled  ilescriptlon  of  t he 
structural  work  will  be  given  in  a subsetpient  paper. 

2.  Sample  Trep.irat  ion  and  Charatn  er  Izat  ion 

The  required  series  of  compounds  were  prepared  from  reagent  grade  I’btt,  Mgli, 

Nb.,0^  and  WO^.  The  constituent  oxides  were  mixed  in  appropriate  proportions, 

b. ill-milled  in  .ilci'hol,  then  tir  ied  .'uui  c.i  1 c i ned  in  air  in  a closed  .ilumina  crui-ible. 

I’.ilcining  t empi'r.it ures  r.inged  fri'm  800  to  1 .OOO^C  depending  on  composition  for  a 

c. ilclne  time  of  IS  hours.  The  resulting  calcine  was  ground  .uul  refired  for  two 
.uldltlon.il  IS-hour  (lerlods  to  «'nsure  comi'lete  reaction. 

t'er.imic  samples  were  prep.ired  bv  cold  pressing  into  disks  2.54  cm  dlami'ter 
.uul  firing  on  ziri'onl.i  setters  in  .lir.  Sintering  temperatures  ranged  from  d^lO^C 
ti'  12S0"C  liepi'iullng  on  ci'inpi's  1 1 ii'ii.  A 2-hour  sintering  time  was  used.  In  the 

I 

pure  I’MW  cer.imlcs,  ther»'  was  .ilw.ivs  a sm.ill  .imi’unt  I'f  a seci'iui  phase,  probably 
st.ilzlte  il’bWi>  I .IS  prevti'uslv  repi'rted  bv  <’..is  1 avsk  i i et  al.^''^. 

X-r.iv  pt'wiler  diftr.u-tlon  p. it  terns  wi'te  t.iken  .it  room  temperature  using 

I 

tai-K.i  r.idlatlv'ii.  ITu'  s.imples  wi-ri-  .ill  of  perovskite  structure,  .ind  except  pure 
I’MW  were  .ill  cubic.  I'he  l.ittl»-e  ci'nst.ints  were  determined  from  (.200),  (.211), 

(220),  (.110)  .uul  ()2l)  ref  I ei-t  ions . t lu'  Indici's  being  referred  to  the  primitive 
perovskite  ct'll.  Siqu-rst  met  ure  reflections  I'har.ict  er  i si  ic  of  a doubling  ot 
the  perovskite  subcell  beg.in  1 1'  .ippe.ir  for  compositions  ciMit  .i  in  ing  more  than 
20  moU'"  I’Mlv',  with  Inti'nsitles  incri-aslng  continuouslv  with  Increasing  TMW  con- 
tent. The  lattice  ci'iist.ints  and  the  x-r.iv  d 1 f f r.ict  iini  Intensitv  ratio 
l(.>  2 function  iif  composition  .ire  sh(>wn  in  Kig.  1.  Ti'  .ivoid 
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the  comploxlt  ios  ;issi>o  hiti'd  with  t lu'  quailniplo  i-ell  In  I’MW , t ho  Intonsltv 
ratios  woro  taken  at  SO“C,  whloli  Is  In  the  onhlo  phast'  rollon  for  all  oi’mpt'- 
s 1 1 Ions . 

0 le loo t£ ia'  Moasuronion t s 

The  gonoral  trends  (n  tlie  temperature  dependenee  of  t!ie  weak  field  ilieleo- 
trio  permittivltv  across  the  solid  solution  range  can  be  seen  In  Klg.  2. 
which  summarizes  measurements  taken  at  100  kHz  in  a field  of  100  volts/cm. 

It  Is  evident  that  the  maximum  value  of  decreases  rapidly  with  increasing 
I’MW  content,  but  the  broad  maximum  charact  er  ist  ic  of  a diffuse  change  is  eviilenl 
even  up  to  80  mole%  I'MW.  This  was  confirmed  by  dielectric  dispersion  measure- 
ments on  compositions  taken  at  10  mole%  I’MW  Increments.  Typical  data  for  the 

bO  molel?  I’MW  composition  is  given  in  Fig.  3,  where  the  shifting  of  t ' maximum 

w 

to  higher  temperatures  with  incrt'asing  measuring  frequency  is  clearlv  evident. 

To  summarize  the  dispersion  data.  Fig.  s is  a plot  cif  the  values  of  T , the 

max 

temperature  of  f'  . Taken  at  frequencies  of  1,  10,  100  and  1,000  kHz  for 
max  ’ 

compositions  across  the  solid  solution  range  Fig.  sb  ph'ts  the  "dispersion  range" 

(T  at  IMHz  - T Ikllz)  as  a function  of  composition.  It  is  interesting  tv' 
max  max  ' 

note  that  up  to  bO  mole?f  I’Mlv,  the  dlspt'rsion  range  increases,  tlu'u  l»'r  higher  t’MW 
cotitent  decreases  rapidly  to  abrvipt  transit  lo\i  behavior  at  the  8l1  mole".  I’MW 
content . 


An  indication  of  the  decrt>asing  ferroelectric  char. icl  er  ist  Ics  in  the  K'wi'r 

temperature  region  (below  the  T range)  w.is  iibt.tlneil  from  measurements  of 

max 

dielectric  hysteresis  under  verv  liiw  freqviency  drive  (0.1  Hz).  M.iximum  rem.inent 
po  I a r Iz.it  ion  levels  as  .i  fnnct  ii'n  of  ti'mperature  .and  composition  .ui-  sliown  in 
Fig.  S,  from  which  the  pe.ik  v.alue  of  the  I’j.  vs  composition  (Fig.  ‘ih)  c.in  hi- 
derived.  The  fact  that  the  hvsteiU'tic  dielt'ctrlc  beh.ivior  is  nu'ii'  vomplex  in 


fuiu’tlon  of  oyi'llo  bias  t'leUls.  For  pviro  PMN  tlii'so  data  aro  shown  In  Fl^.  b. 

At  lilghor  tomporatnros  (abovo  tlio  relaxation  ran^tt*.  Fi^.  ba)  thoro  is  oonvon- 
tional  dlolootrio  satnratii'n.  For  tomporainro  in  the  relaxation  ranne  tliore  is 
a peculiar  Inverse  hysteresis,  giving  maxima  both  in  the  positive  and  negative 
field  regions  when  the  applied  field  is  decaying  (Fig.  bh) . On  further  cooling 
the  sample  again  displays  almost  anhysteret  ic  behavior  (Fig.  be),  before  finally 
reverting  at  even  lower  temperature  to  the  more  c{>nvent  lonal  "butterfly"  looji 
expected  for  normal  ferroelect rics  (Fig.  bd) . 

Discuss  ion 

The  continuous  ch.inge  of  lattice  par.ameter  with  composition,  and  the 
absence  of  any  detectable  second  phase  except  in  the  TMW  composition  clearly 
Indicates  complete  solid  solution  between  I’MN  and  PfW  as  would  be  expected  for 
these  lead-containing  perovskltes.  The  early  appearance  of  superlattice  reflec- 
tions, wl\en  .just  over  20%  of  the  PMN  is  substituted  bv  PMIn'  gives  a cle.ir  indica- 

2+  b+ 

t ion  ot  the  very  strong  tendency  tor  the  Mg  and  W ions  to  dictate  ;in  ordered 
iMtlon  arrangement;  however  the  dielectric  data  clearly  show  tliat  relaxor  char- 
acter and  diffuse  transition  beh.ivior  is  preserved  up  to  more  t l>ai\  70  mole% 

PMW  substitution. 

Phenomeno loglca I 1 V , the  rapid  reduction  of  the  general  levels  of  s in  the 

w 

par.ie  1 ect  r Ic  phase  mav  be  diu'  eithi'r  to  a rapid  reduction  of  the  Curie  Weiss 
temperature  0,  or  a lowering  of  the  Curie  cv->nstant  C with  PMiv  substitution. 
Plots  of  the  reciprocal  susceptibilities  tdieloctric  stiffness)  as  function 
of  temperature  (Fig.  7)  suggest  that  bi’t  h pl.iv  si'me  role,  but  that  ttu‘  dominant 
influence  is  a rapid  reduction  of  the  Curie  const. mt  C vcith  PMIV  content  (Fig.7b'>. 

Kvidence  from  the  high  field  polarization  beh.ivior  at  low  temperatures 
indie. lies  th.it  some  weak  fer  rtU' I ect  r h-  behavior,  .uul  a finite  level  v'f  rem.inent 
pi' I .ir  I z. It  Ion  persists  even  up  to  80  mole',  PMli  in  the  solid  solution.  It  is 


cle.ir,  howi-ver,  from  the  bias  beh.ivior  that  even  in  pure  PMN,  the  f erroi' 1 ec  t r i c 
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response  is  quite  abnormal  with  a true  remanent  polarization  very  mueh  smaller 
than  the  total  polarization  level  which  can  be  Included  under  field,  and  a most 
unusual  "inverse"  hysteresis  at  temperatures  in  the  relaxation  ranp.e- 

On  the  model  which  has  been  proposed  by  Smolenskll  et  al.^'^  and  others^“’^^ 
diffusion  of  the  phase  transition  Is  attributed  to  spatial  fluctuations  In  the 
distribution  of  the  disordered  R site  cations  in  the  PMN  Hiving  rise  to  a spatial 
distribution  of  "local"  transition  temperatures,  and  a complex  admixing;  of  both 
intrinsic  and  extrinsic  polarization  mechanisms.  The  slow  components  of  the 
polarizability  are  suggested  to  arise  primarily  through  extrinsic  phenomena  such 
as  domain  wall  motion  in  the  ferroelectric  regions  or  phase  boundary  motion  at 
the  edges  of  the  polar  ferroelectric  regions,  and  to  give  rise  to  the  observed 
low  frequency  dispersion  in  r'. 

Recent  studies  on  the  "aging"  phenomena  in  relaxor  ferroelectrlcs  In  the 
PLZT  family^^^  and  in  give  further  support  to  this  model  by  demonst  rat  ing 

an  aging  of  the  dispersive  component  similar  to  that  observed  in  convent iiuia 1 
ferroelectric  ceramics  in  the  ferroelectric  phase. 

We  believe  that  the  present  study  gives  further  rather  conclusive  evidence 

for  local  spatial  heterogeneity  in  the  cation  distribution  for  this  solid  solu- 

S+  2+ 

t ion  system.  Obviously,  Nb  and  Mg  c.innot  order  in  .i  simi’le  .ilternate  tashion 

without  massive  change  or  chemical  Imbalance  developing,  yet  even  at  a 40  mole", 

PMW  addition  there  is  clear  evidence  of  an  ordered  arrangement  giving  quite 

strong  superlattice  reflections.  It  is  n.icural  to  suggest  that  these  must  .wise 

primarily  from  local  regions  which  are  richer  in  tungsten,  and  that  the  order 

would  break  down  in  the  local  regions  which  .ire  richer  In  niobium.  in  this 

S+  2+ 

manner,  locally  disordered  regions  with  tluctuatlons  in  the  M>  Mg  ratios 
and  associated  distributed  Curie  temperatures  should  persist  across  nu^st  of  the 
phase  diagram  and  It  would  not  be  surprising  ti'  find  dispersive  behavior  up  to 
compositions  with  more  than  70  mi'le*  PMW. 
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Similarly,  howovor.  It  would  bo  oxpootod  that  ordorod  regions  rich  in 
tungsten,  which  have  a tendency  to  favor  ant  ipolar  cation  displacements  would 
not  provide  paths  of  easy  flux  linkage  for  the  dielectric  displacement  at  high 
fields  and  would  strongly  reinforce  the  role  of  the  "low  Curie  temperature" 
regions  in  the  pure  PMN,  and  thus  rapidly  reduce  any  true  ferroelectric  reman- 
ence  in  the  lower  temperature  phase  as  is  observed. 

Summ.H^' 

These  studies  have  shown  that  PMNtPMW  form  a complete  range  of  solid  solu- 
tions with,  at  higher  temperatures,  a cubic  perovsklte  structure.  Relaxor  ch.ir- 
acter  in  the  weak  field  dielectric  response  is  presented  in  compositions  up 
to  60  mole%  PIM,  but  decreases  rapidly  at  higher  concentrations,  whereas  super- 
lattice  reflections  corresponding  to  an  ordered  cation  arrangenuMit  begin  to 
appear  in  compositions  with  more  than  20  mole%  PM\n'.  High  field  response  at  low 
temperatures  indie;  /e  a rapid  diminution  In  renvanent  polarIz;Uion  with  PM1\  eon- 
cent r.tt  ion , but  weak  ferroelectrlcity  h;is  been  traced  up  to  80  mole".  PM\\'  compo- 
sitions. All  samples  with  relaxor  character  exhibit  ;ni  unvisiutl  "Itiverse" 
hysteresis  in  t'  under  bias  when  measured  at  temper.it  ui  es 

close  to  the  Curie  r;inge.  The  behavior  is  qu.il  Itat  ively  expl;ilned  on  tlie  b.isis 
of  the  Smolenskll  model  for  the  ferroelectric  with  :\  diffuse  ph.ise  t r.'ins  i t ion . 
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F Igure  Captions 

Fig.  I Liittlce  constant  and  superstructure  line  intensity  as  a function  of 
composition  in  PMN:PMW  solid  solutions. 

Fig.  2 Dielectric  permittivity  as  a function  of  temperature  in  PMN:PMW  solid 
solid  solutions  at  a fixed  frequency  of  100  KHz. 

Fig.  3 Dielectric  dispersion  in  a 0.6PMN:0.4PMK  solid  solution. 

Fig.  4 (a)  Dispersion  of  the  temperature  of  maximum  permittivity  in 

PMN:PMW  solid  solutions. 

(b)  Dispersion  range  as  a function  of  composition  in  PMN:PMW 
solid  solntion.s. 

Fig.  5 (a)  Maximum  remanent  polarization  P^  vs  temperature. 

(b)  Maximum  remanence  as  a function  of  composition. 

Fig.  6 Dielectric  saturation  as  a function  of  DC  biasing  field  in  PMN. 

(a)  39°C  (b)  -W^C  (cl  -‘14''C  (d)  -13b°C 

Fig.  7 (a)  Inverse  dielectric  susceptibility  (dielectric  stiffness)  as  a 

function  of  temperature  in  PMN.'PMW  solid  solutions. 

(b)  Curie  constant  C as  a function  of  composition  in  PMN:PMW  solid 
solut ions . 
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CONNECTIVITY  AND  PIEZOELECTRIC-PYROELECTRIC  COMPOSITES 


R.E.  Nevmham,  D.P.  Skinner  and  L.E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Connectivity  is  a critical  parameter  in  composites  designed  for  use 
as  piezoelectric  transducers  or  as  pyroelectric  detectors.  There  are 
ten  important  connectivity  patterns  in  diphasic  solids,  ranging  from 
a 0-0  unconnected  checkerboard  pattern  to  a 3-3  pattern  in  which 
both  phases  are  three  dimensionally  self-connected.  Processing  meth- 
ods for  manufacturing  some  of  these  patterns  are  described.  Series 
and  parallel  models  for  composite  piezoelectrics  and  pvroel ectrics 
lead  to  several  interesting  results,  such  as  a diphasic  pvroelectric 
in  which  neither  phase  is  pyroelectric.  The  models  are  also  helpful 
in  interpreting  the  structure-property  relations  in  single-phase 
materials  where  the  crystal  structures  mimic  certain  connectivity 
patterns. 


Introduction 

Led  by  the  semiconductor  Industry,  materials  science  has  entered  a new  era, 
the  age  of  carefully  patterned  inhomogeneous  solids  designed  to  perform  specific 
functions.  No  longer  as  much  concerned  with  the  properties  of  the  best  single- 
phase materials,  many  scientists  now  search  for  the  best  combination  of  mate- 
rials and  ways  to  process  them.  In  a ver}’  real  sense,  the  field  has  imit  ured 
from  science  to  engineering  just  as  electrical  science  changed  to  electrical 
engineering  years  ago. 

In  most  electronic  devices  there  arc  several  phases  involved  and  a nximber 
of  material  parameters  to  be  optimized.  An  electromechanical  transducer,  for 
example,  may  require  a combination  of  properties  such  as  large  piezoelectric 
coefficient  (d  or  g) , low  density,  and  mechanical  flexibility.  A pyroelectric 
detector  might  require  large  pyroelectric  coefficient,  low  thermal  capacity, 
and  low  dielectric  constant.  In  general,  the  task  of  materials  design  tn.xy  be 
considerably  simplified  if  it  is  possible  to  devise  a figure  of  merit  which 
combines  the  most  sensitive  parameters  in  a form  allowing  simple  Int erci'mparison 
of  the  possible  "trade  offs"  in  property  coefficients.  In  certain  pyroelectric 
systems,  for  example,  a useful  figure  of  merit  is  p/c  where  p is  the  pyroelec- 
tric coefficient  and  c the  electric  permittivity. 


Unforcunately,  the  figure  of  merit  often  Involves  property  coefflcienta 
which  are  conflicting  in  nature.  To  make  a flexible  electromechanical  trana* 
ducer  It  would  be  desirable  to  use  the  large  piezoelectric  effects  In  a poled 
ceramic  piezoelectric,  but  ceramics  are  brittle  and  stiff  lacking  the  required 
flexibility,  while  polymers  having  the  desired  mechanical  properties  are  at 
best  very  weak  piezoelectrics.  Thus,  for  such  an  application  a composite  mate- 
rial combining  the  desirable  properties  of  two  different  phases  might  be  vastly 
superior.  The  main  problem  la  to  effect  the  combination  In  such  a manner  as  to 
exploit  the  desirable  features  of  both  components  and  thereby  maximize  the 
figure  of  merit. 

Combining  materials  means  not  only  choosing  component  phases  with  the 
right  properties,  but  also  coupling  them  in  the  best  manner.  Connectivity  of 
the  individual  phases  Is  of  utmost  Importance,  because  this  controls  the  elec- 
tric flux  pattern  as  well  as  the  mechanical  properties.  S)Tnmetry  is  a second 
important  consideration,  since  symmetry  and  properties  are  Interrelated  through 
tensor  coefficients.  In  this  regard  there  are  several  levels  of  sj-mmetry  to 
be  considered:  the  crystallographic  ENTimietry  of  each  phase,  the  symmetry  after 
processing,  the  combined  s>Tnmetry  of  the  composite,  and  the  environmental  in- 
fluence on  the  total  symmetry  Including  electrodes  and  clamps. 

The  points  of  interest  are  schematically  formalized  in  Fig.  1 for  a simple 
two-phase  system.  It  is  interesting  to  note  that  In  some  composites,  not  only 
are  the  properties  of  the  separate  phases  modified  (sum  properties),  but  the 
composite  may  exhibit  completely  new  couplings  (product  properties)  not  found 
in  the  separate  phases. 


A physical  property  relates  an  input  physical  quantity  X to  an  output 
pbysclal  quantity  Y.  The  X-Y  effect  may  be  a linear  relationship  specified  by 
a property  coefficient  C » SY/SX,  or  it  may  be  a more  complicated  effect.  As 
pointed  out  by  van  Suchtelen  (1),  two  classes  of  X-Y  effects  can  be  disting- 
uished In  composites. 


Sum  properties  are  those  in  which  the  X-Y  effect  of  the  composite  Is  deter- 
mined by  the  X-Y  effects  in  phases  1 and  2.  As  an  example,  consider  the  stif- 
fening of  a matrix  by  strong  parallel  fibers.  Young's  modulus  of  the  composite 
(E)  depends  on  the  moduli  of  the  matrix  phase  (^E)  and  the  embedded  fiber  phase 
(^E).  In  the  direction  of  the  fibers,  E is  given  by  ^Ex  + ^Ed-x),  where  x is 
the  volume  fraction  (2).  When  measured  in  various  directions,  such  properties 
often  vary  between  the  geometric  and  arithmetic  mean  of  the  properties  associ- 
ated with  the  constituent  phases. 


Product  properties  are  less  expected  and  somewhat  more  complicated:  An  X-Y 
effect  in  the  composite  results  from  an  X-Z  effect  in  phase  1 and  a Z-Y  effect 
in  phase  2.  In  other  words,  applying  X to  the  composite  causes  Z to  change  in 
phase  1;  the  change  ii.  Z in  phase  1 causes  Z to  change  in  phase  2,  which  then 
results  in  a change  in  Y in  phase  2.  The  transfer  of  the  quantity  Z from  1 to 
2 can  be  accomplished  by  several  different  kinds  of  coupling. 


As  an  example  of  a product  property,  consider  a magnctoelectr ic  composite 
made  from  a ferroelectric  (phase  1)  and  a ferromagnetic  (phase  2).  Crystallites 
of  the  two  phases  are  assumed  to  be  in  good  mechanical  contact.  The  ferro- 
electric grains  arc  poled  near  the  ferroelectric  Curie  temperature  in  a strong 
electric  field  to  make  the  composite  piezoelectric.  Magnetic  poling  of  the 
ferroouignct Ic  phase  is  accomplished  in  a similar  way,  by  annealing  the  compo- 
site in  a magnetic  field. 


When  ao  electric  Held  Is 
applied  to  a siagTtetoelectric  cos- 
1>oaitc  of  this  type  the  ferro- 
electric sralns  eloogste  parallel 
to  the  electric  field.  The  change 
In  ahape  of  the  ferroelectric 
grains  causes  .the  f erroiaagnetlc 
grains  to  deform,  resulting  In  a 
change  In  magnetization. 
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To  Illustrate,  consider  a 
cooposlte  of  ~barium  tltanate  and 
cobalt  ferrite.  Tlie  single  crys- 
tal monodonain  point  symmetries 
are  4i3al  ’ for  BaTlOj  and  ^ rn’m' 
for  Co7e204.  Vnen  prepared  as 
polycrystals,  the  symmetries 
revert  to  spherical  ’ . If 

poled,  however,  the  ferroelectric 
ceramic  becoiaep  “ml*  and  the  fer- 
rimagnetic  ceramic  If  the 

electric  and  magnetic  poling 
fields  are  applied  in  the  same 
direction,  the  net  SNiametry  of 
the  composite  is  magnetic  point 
group  “m* . This  point  symmetry 
exhibits  the  magnetoelectric 
effect,  even  though  neither 
BaT103  nor  CoTe204  alone  is 
magnetoelectric!  Measurements 
on  BaTi03— CoFe204  composites 
prepared  by  unidirectional 
solidification  at  the  eutectic 
composition  show  magnetoelectrlc 
coefficients  two  orders  of  mag- 
nitude larger  than  the  best  single 
phase  material  (3,4).  Another  in- 
teresting product  property  Is 
described  in  a later  section:  a 
pyroelectric  composite  made  from 
two  non-pyroelectric  phases. 
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FIG.  1 

Flow  chart  Illustrating  design  considerations 
for  optimizing  the  performance  of  solid  state 
devices.  The  task  of  the  materials  engineer 
is  to  find  the  materials,  processing  methods, 
and  connectivity  patterns  which  maximize  tlu 
figure  of  merit. 


Connectivltv 


in  series  rather  than  in  parallel. 


connectivity  pattern*  ere  not  geometrically  unique.  In  the  case  of  a 2-1  pattern 
the  fiber*  of  the  *6000(5  phase  might  be  perpendicular  to  the  layer*  of  the  first 
phase,  aa  la  Pig.  2,  or  they  might  be  parallel  to  the  layers. 

In  passing  ve  “note  that  connectivity  patterns  for  more  than  tvo  phases  are 
■ baalcally  similar  to  .the  diphasic  patterns,  but  far  more  numerous,  T’iere.are  .20 
three-phase  -patterns  and  35  four-phase  patterns  compared  to  the  10  two-phase 
patterns  dn  Tig.  -2.  Tor  x phases  the  number  of  connectivity  patterns  Is 
(tj  3)1/3 Jnl.  Triphasic  connectivity  patterns  are  Important  vhen  electrode 

patterns  are  Incorporated  In  the  diphasic  ceramic  structures  discussed  later. 

} ^ 

During  the  past  few  years  we  have  been  developing  processing  techniques  for 
making  diphasic  ceramic  composites  with  different  connectivities.  Extrusion,  tape- 
casting  and  replamine  methods  have  been  especially  successful.  The  3-1  connecti- 
-vity  pattern  In  Tig.  2 Is  Ideally  suited  to  extrusion  processing.  A ceramic  slip 
Is  extruded  through  a die  giving  a three -dimens ion ally  connected  pattern  with  one- 
dimensional  holes,  which  can  later  be  filled  with  a second  phase. 


FIG.  2 

Ten  connectl\ity  pattern?  for  a diphasic  solid.  Each  phase  has  rero-,  one-,  tvo- 
or  three-dimensional  connectivity  to  Itself.  In  the  3-1  composite,  for  instance, 
the  shaded  phase  Is  t hree-dimenslonally  connected  and  the  iirshadec  phase  1."^  one- 
dlmcnsionally  connected.  Arrows  arc  used  to  indicate  t>)t  connected  directions. 
Two  view?  of  the  3-3  and  5-2  patterns  are  given  because  the  tvo  interpenetrating 
netvor'K.s  are  difficult  tc  visualize  on  paper.  The  views  arc  related  by  9D*  coun- 
tcrclocVrwise  rotation  about  Z.  IHIS  PAOE  IS  BEST  QUALITY  PRACIlCABJi* 

raOM  CJOPY  FURlUSHfiD  K)  liDC  


Another  type  of  cotxnectlvlty  well  suited  to  processing  Is  the  2-2  pattern 
made  up  of  alternating  layers  of  the  tvro  phases.  The  tape-casting  of  multilayer 
capacitors  with  alternating  layers  of  metal  and  ceramic  is  a way  of  producing 
2-2  connectivity.  In  this  arrangement  both  phases  are  self-connected  in  the 
lateral  X and  Y directions  but  not  connected  perpendicular  to  the  layers  along  Z. 

In  3-2  connectivity,  one  phase  is  three-dimensionally  connected,  the  other 
in  two.  This  pattern  can  be  considered  a modified  multilayer  pattern  with  2-2 
connectivity.  If  holes  are  left  in  the  layers  of  one  phase,  layers  of  the 
second  phase  can  connect  through  the  holes  giving  three-dimensional  connectivity. 

r 

The  most  complicated  and  in  many  ways  the  most  interesting  pattern  is  3-3 
connectivity  (Fig,  2)  in  which  the  two  phases  form  interpenetrating  three- 
dimensional  networks.  Patterns  of  this  type  often  occur  in  living  systems  such 
as  coral  where  organic  tissue  and  an  inorganic  skeleton  interpenetrate  one 
another.  These  structures  can  be  replicated  in  other  materials  using  the  lost- 
wax  method  (6).  The  replamine  process,  as  it  is  called,  can  also  he  used  to 
duplicate  the  connectivity  patterns  found  in  foam,  wood,  and  other  porous  mate- 
rials. 

Four  examples  of  electroceramlcs  with  different  connectivity  patterns  are 
shown  in  Fig.  3.  Diphasic  ceramic  capacitors  have  been  made  of  BaT103  grains 
separated  by  thin  layers  of  NaNb03  in  the  grain  boundary  regions.  The  sodium 
niobate  is  three-dimensionally  connected  while  the  barium  titanate  grains  are 
not  in  contact,  making  it  a 3-0  connectivity  pattern.  The  ceramic  is  manufac- 
tured by  liquid  phase  sintering  at  temperatures  above  the  melting  point  of 
NaNb03  but  below  that  of  BaTi03.  At  these  temperatures,  sodium  niobate  melts 
and  coats  the  BaTiO^  grains  but  rapid  cooling  prevents  reaction  between  the  two 
phases.  High  dielectric  constant  capacitors  made  with  these  microstructures 
show  excellent  high-voltage  characteristics.  Normally,  the  polarization  of 
barium  titanate  capacitors  saturates  at  high  voltages,  with  the  dielectric  con- 
stant decreasing  by  as  much  as  a factor  of  two;  but  separating  the  grains  of 
ferroelectric  BaTlO^  with  a thin  layer  of  antiferroelectric  NaNh03  compensates 
the  saturation  effect  to  give  a flat  voltage  response  (7). 

Connectivity  patterns  can  be  sjTitheslzed  as  macrostructures,  as  micro- 
structures,  or  even  as  crystal  sti^'ctures . The  BaT103-NaNb03  composite  just 
considered  had  a 3-0  microstructure.  The  next  three  examples  involve  macro- 
structures  with  3-1,  2-2,  and  3-3  connectivities.  Figure  3b  shows  an  extruded 
BaT103  honeycomb  ceramic  made  by  Dr.  Irvin  Lachman  of  the  Coming  Research 
Center.  The  ceramic  is  three-dimensionally  connected  with  empty  channels  in 
one  direction  to  provide  the  desired  3-1  connectivity.  When  the  channels  are 
filled  with  metal  electrodes,  sizable  electric  fields  can  be  applied  across 
the  thin  ceramic  walls.  The  device  is  intended  for  use  as  an  electrostrictivc 
micropositioner  for  adaptive  optic  sy.stems. 

Two  composite  piezoelectric  transdvicers  are  illustrated  in  Figs.  3c  and 
3d.  The  multilayer  composite  of  "hard"  and  "soft"  PZT  has  2-2  connectivity 
and  properties  superior  to  a single-phase  piezoelectric.  The  soft  FZT  has  a 
large  piezoelectric  response  and  is  kept  in  a poled  state  by  the  h.ard  i’ZT. 

Figure  3d  shows  a silicone  rubber-FZT  composite  made  by  the  repl.'vmine  process 
(6).  The  3-3  connectivity  provides  mechanical  strength  and  flexibility  from 
the  high  polymer,  and  electric  continuity  and  a large  piezoelectric  effect  from 
PZT.  These  materials  will  be  discussed  in  more  detail  in  later  articles. 


FIG.  3 

(a)  BaTi03-NaNb03  ccTaialc  microKtructure  vlth  3-0  connectix-lty. 

(b)  Extruded  BaT103  ceramic  vlth  3-3  connect l\*lty. 

(c)  Bard  and  soft  FZT  multilayers  having  2-2  connectivity. 

(d)  Keplamine  FZT  cast  on  a coral  pattern  vlth  3-3  connectivity. 


Fieroelectrlc  Coanosltes 

To  illustrate  tne  major  modlf Icatlons  in  ensemble  properties  vhich  can  bt 
effected  even  in  simple  linear  systems,  one-dimensional  solutions  arc  presente 
for  the  pieroelectrlc  and  p>Toeleccric  properties  of  heterogeneous  two-phase 
structures. 

Series  Connection:  Consider  first  the  piezoelectric  properties  of  lamella 
diphasic  composites.  Longitudinal  piezoelectric  coefficient  d33  has  been  de- 
rived for  a diphasic  piezoelectric  with  the  constituent  phases  arranged  in 
alternating  layers  normal  to  the  >.3  direction  (Fig.  4a).  Designating  phase  1 
vlth  a superscript  1,  and  phase  2 vith  superscript  2,  phase  1 has  volume  frac- 
tion piezoelectric  coefficient  ^d33  and  permittivity  'C33,  and  phase  2 hat 

2v,  ^d33,  and  ^^33.  respectively.  Solving  for  the  piezoelectric  coefficient 
of  the  composite  gives 


' *^33  ^^33 


4 Vc. 


Using  the  relation  ^33  - d33/E33  yields  the  piezoelectric  voltage-  coe-f  f icie  r.: 


11  2 2 


TIG.  4 

The  Beries  (a)  and  parallel  (b)  models  used  in  estlitating  the  piezoelectric  and 
pyroelectric  effects  of  diphasic  solids. 


It  Is  interesting  to  note  that  for  series  connection  even  a very  thin  low- 
perciltcl\’lry  layer  rapidly  Towers  the  d-coeff Iclent  but  has  little  effect  on 
the  corresponding  g-coef f Icient. 


Parallel  Connection:  If  the  two  phases  lie  in  layers  perpendicular  to  the 
electrode  (Fig.  4b),  again  for  the  one— dimensional  case  and  neglecting  trans- 
verse coupling,  the  composite  piezoelectric  coefficient  is 


1 2 .^22.  1 
' ^33=33  ^ '^33  =33 


33 


12  ^21 
V S33  -f  V S33 


(5) 


where  "^£33  “522  are  the  elastic  compliances  for  stresses  normal  to  the 

electrodes.  For  the  voltage  coefficient. 


11,2  ^22,1 

'’1  "33  ^ ^33  "33 


^33 


,12  ^21  ,,11 

^ ^’."33  '■  "33^^  '•  ^33 


(4: 
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A composite  of  Interest  here  is  that  of  an  elastically  compliant  nor.plcrocl cc- 
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trie  in  parallel  with  a stiff  piezoelectric.  In  this  case  ^d33  >>  2jj 
^*33  **  ^•33*  - 2v  - 1/2  then  ^33  c ^<133,  and  If  ic33  » ^C33,  the 
2^g33,  and  for  smaller  volume  fractions  of  the  piezoelectric  phase,  t 
coefficient  is  correspondingly  amplified.  It  is  this  case  which  acco 
the  highly  successful  performance  of  the  replatnlnefona  transducer  str 
described  In  a later  paper.  The  structure  also  has  considerable  hydr 
sensitivity. 


The  corresponding  series  and  parallel  connected  diphasic  systems  have  also 
been  studied  for  pyroelectric  response.  It 'is  well  known  that  all  pyroelectric 
crystals  are  also  piezoelectric  and  that  the  thermal  expansion  generated  on 
heating  gives  rise  to  a strain  which  operates  through  the  piezoelectric  coef- 
ficients to  give  an  additional  secondary  pyroelectric  effect.  If  the  crystal 
is  free  to  expand,  what  Is  normally  measured  Is  the  sum  of  primary  and  second- 
ary effects,  and  in  some  materials  both  components  are  of  the  same  order  of 
magnitude.  It  must  be  remembered,  however,  that  in  many  materials  (poled  PZT 
is  a good  example)  the  hydrostatic  piezoelectric  effect  Is  small,  due  to  can- 
cellation between  coefficients  with  opposite  sign.  Clearly,  If  the  negative 
part  of  the  piezoelectric  response  could  be  removed  by  suitable  clamping,  the 
secondary  contribution  to  the  pyroelectric  effect  could  be  strongly  enhanced. 


Simple  Series  Connection:  Consider  the  response  of  a multilayer  diphasic 
pyroelectric  (Fig.  Aa)  made  up  from  a volume  fraction  ^v  of  phase  with  permit- 
tivity ^^33  and  pyroelectric  coefficient  ^P3,  interleaved  along  the  X3- 
dlrectlon  with  a ^hase  of  volume  fraction  2v,  permittivity  ^£33,  and  pyroelec- 
tric coefficient  ‘■P3-  Piezoelectric  and  thermal  expansion  coefficients  are 
represented  by  djj  and  a j , respectively.  To  simplify  the  calculation  we  assume 
that  both  phases  are  poled  ceramics  with  conical  s\'Trsnetry  and  with  the  polar 
axis  (X3)  perpendicular  to  the  plane  of  the  interleaving  layers. 


With  close  transverse  connection  of  thin  sheets,  and  assuming  no  surface 
tractions,  the  total  pyroelectric  effect  is  calculated  for  a uniform  tempera- 
ture change  AT.  There  are  two  terms  corresponding  to  the  primary  and  secondary 
effects: 
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The  eecondary  pyroelectric  effect  makes  a major  contribution  for  sizable 
thermal  expansion  mismatch  (^aj^  - ^Qj).  This  is  a good  example  of  a product 
property  since  neither  phase  is  required  to  exhibit  primary  pyroelectricity. 
Devices  based  on  these  principles  are  under  construction,  both  here  and  else- 
where. 

Secondary  pyroelectric  effects  also  appear  in  composite  with  parallel  con- 
nectivity. In  this  case,  the  composite  pyroelectric  coefficient  Is 


P3  - V p^  + V p^  4 


We  are  experimenting  with  SbSI  - plastic  composites  based  on  this  geometry. 
Structure-rropcrty  Relat ionshlps 

Many  of  the  ideas  developed  for  composite  materials  are  relevant  to  single- 
phase  materials  as  well.  The  concepts  of  parallel  and  series  connectivity,  for 
instance,  can  be  used  to  explain  the  anisotropy  in  properties  of  single  cryst- 
als. As  an  example,  it  is  instructive  to  examine  the  structure-property 
relationships  for  the  hydrostatic  piezoelectric  effect,  and  to  compare  the 
relationships  with  the  composite  models  derived  in  the  earlier  sections. 

Hydrostatic  pressure  coefficients  for  a number  of  piezoelectric  crystals 
and  ceramics  are  given  in  Table  1.  Since  the  avTsnetry  requirements  for  pyro- 
electricity and  hydrostatic  piezoelectricity  are  identical,  all  the  materials 
are  also  pyroelectric.  For  purposes  of  discussion,  they  can  be  divided  into 
ferroelectric  pyroelectrics  and  ordinary  (non-f erroelcctric)  pyroelectrics.  As 
shown  in  Table  1,  the  f erroelectrics  have  substantial  dj^  coefficients  but  the 
values  are  not  very  big  because  of  their  large  permittivities. 

Ordinary  pyroelectrics  can  be  further  subdivided  into  water-soluble  pyro- 
electrics and  oxide  pyroelectrics.  Oxides  and  sulfides  with  the  wurtzlte 
structure  (Fig.  5a)  have  very  small  hydrostatic  piezoelectric  effects.  The 
wurtzite  crystal  structure  is  based  on  a hexagonal  close-packed  anion  lattice 
with  cations  in  tetrahedral  interstices.  Compared  to  the  other  pyroelectrics, 
the  atomic  bonding  In  the  vurtzites  is  very  isotropic.  It  is  not  surprising, 
therefore,  that  under  hydrostatic  pressure  they  deform  isotropically,  leading 
to  very  small  piezoelectric  effects. 

Silicate  pyroelectrics  have  somewhat  larger  liydrostatlc  coefficients  than 
the  wurtzite  group.  Tourmaline  is  a complex  borosilicate  mineral  containing 
tetrahedral  SIO4  groups.  The  allica  tetrahedra  arc  arranged  in  51^,0^^  rings 
oriented  perpendicul.nr  to  the  pyroelectric  axis.  This  imparts  an  anisotropy 
to  the  structure  not  found  in  the  vurtzit^'  group.  But  the  sllic.ate  and  borate 
groups  are  linked  together  by  Al^  and  Mg-'*'  ions  which  also  form  fairly  strong 
chemical  bonds  and  hence  tourmaline  is  not  as  anisotropic  as  some  other  crys- 
tals. 


More  anisotropic  structures  are  found  among  the  war er-sol uhl e pyroelec- 
trics. Lithium  sulfate  nonohydrate  (LItSO^  .H->0)  is  an  important  example  with 
an  extremely  large  g^  coefficient,  so  large  that  the  cryst.als  have  been  used 
as  hvdrcstatic  pressure  sensors.  The  crystal  structure  of  lithium  sulfate 
contains  Ll"*^  cations,  tetrahedral  S0*~  anions,  and  water  molecules.  Ionic 
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TABLE  1 


Hydrostatic  pieroelectric  coefficients  for  a number  of  materials 
pressure),  djj  measures  the  electric  polarization,  and  the  open 
trie  field,  du  is  expressed  in  units  of  10“^^  C/N  and  in  10" 


Water-Soluble  Pvroelectrics 


Ethylene  diamine  tartrate  (EDT) 
C2H^(NH3)2  C4R4O5 
Lithium  sulphate  monohydrate  (LH) 
LI2  SO4  * H2  0 
Others 


<100 


Pvroelectrlc  Silicate  Minerals 


Tourmaline 

(Na,Ca)(Mg,Fe)3B3Al^Si6(0,OH,F)3i 

Others 

Uurtzlte-Famllv  Pvroelectrlcs 


Barium  tltanate 
BaTi03 

Trlglycine  sulfate  (TGS) 
(KH2CH2COOH) 3 .H2SO4 
Antimony  sulfur  iodide  (iCC) 

sbsi 

Lithium  niobate 
LiNb03 

Poled  Ferroelectric  Ceramics 


1100 


Barium  tltanate 
BaTi03 

Lead  niobate 

PbNb205 

Lead  zirconate  tltanate  (PZT) 
Pb(Tl,Zn)03 

Sodium  potassium  niobate 
(Na,K)Nb03 


f 


-Tl 


O-''  0 5.- 

(0)  tt.'  i:; 


riK.  5 

(*)  The  wurtrttc  Btiucturr  In  which  r.n0  and  srvrr.il  other  pyrorlrruicB  crystal- 
lize. Hydrostatic  picrorlrrtr  ir  rftrcts  drvrlop  .ilonp  t hr  r axis,  hut  the  rorf- 
ficients  are  stnall;  (h)  In  llthinre  sulfate  mcmohvdi  at  e t hr  v.itrr  tn.->lrculrs  lore 
a chain  of  hydropen  bonds  alonp  the  polar  axis,  hut  arr  not  linked  laterally; 
ik-!*  »rrorlrctrlr  ShSl  also  has  a chain  structure  rnd  prrat  hydrostatic  sensi- 
tivity. both  nvfitrrials  tnitnic  the  par.illrl  connectivity  required  for  larpr  d33 
coefficients  and  r.nuill  d32  values. 

because  of  thi'ii  larpe  polarlr.iMl  It  ier;,  1 1 r t oel  ec  t r ies  also  h.ive  latpe 
pieroelectr  ic  const  .'in  t s hut  the  hv.'.i  ost  .it  ic  cc'cl  f Ic  lent  ••  aii  tiot  latpe  Ic'r  thoer 
with  .synmetrii  cry.st.il  structures.  h.iTiC'i.  (N.i.KlN’hOj  .uul  rhC'r.Tild^  have  t ht 
perovskite  structure  which  has  a close-packi-d  array  ot  c’xvpetu-  and  l.irpr  i .it - 
ions.  The  l.lNh03  structuti'  also  Iwu.  close-p.icVrh  oxypen*..  Th*-  hvd  t I'st  .it  ic 
piezoelectric  ctu  f f ic  i ent «.  fiir  thej.e  c«it  er  1 .il ».  ate  >.»all  i orrp.li  »d  1 1'  ant  irony 
sulfur  iodide  (ShSl)  which  h.i«.  t )ie  larpest  dj,  «i*el  f Ic  lent  in  1.iM<  1. 

The  structure  of  ShSl  (Flp.  Scl  is  very  anisi'tri'pic  s-lth  iov.ili*ntlv  hondr;' 
chains  parallel  to  the  polar  axis.  Ke  1 p.hhor  Itip  chains  aie  only  vr.iV.lv  honoed 
hy  ionic  or  v.m  del  Wauls  fi'ices.  C^ivstals  t'l  ShSl  ili.ivi  je.u'ilv  p.  rr.l  1 el  tc 
the  polar  c axis.  rndrr  ti-nsili-  Iimci  pai.illel  to  i , t hi  iivstsls  oevelop  u 
larpe  j'i  ezoel  ec  t r i c pi'l  arlrat  Ion  slitilar  in  t'tipln  to  th.itin  llthlus  si-U.-ite. 
Ttie  antimony  cations  displace  i el.it  Ive  1 1'  I >u  anii'ns  i.no.iu)  the  oola:  irat  lot.. 
ri  € z ot  lec  t r ic  effects  in  the  j'ci  prndlculat  dliections  aii  much  <r-illei  h*  . .lo*.; 
of  the  loose  packinp  of  chains. 
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In  BiaaiMr7,  we  see  that  the  best  piezoelectrics  for  hydrostatic  sensors 
are  those  with  anisotropic  structures  and  a molecular  mechanism  for  piezoelec- 
tricity. The  analogy  with  the  composite  piezoelectrics  discussed  earlier  is 
rather  striking.  A particularly  useful  composite  for  hydrostatic  applications 
is  one  with  the  parallel  arrangement  composed  of  a stiff  piezoelectric  in  a 
compliant  matrix.  The  structures  of  LISO4.H2O  and  SbSl  resemble  this  composite 
on  an  atomic  scale,  leading  to  the  conclusion  that  one  can  use  the  composite 
models  in  interpreting  the  properties  of  a single  phase  materials  as  well  as 
coiiq>oEiteB. 
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ABSTRACT 

Flexible  PZT/polymer  composite  transducers  have  been  fabricated 
with  a novel  micrbstructural  configuration.  The  concept  of 
connectivity  has  been  applied  in  the  evaluation  of  the  type  of 
structure  needed  to  optimize  the  properties  of  the  composite. 
Properties  of  several  kinds  of  piezoelectric  transducers  are 
compared. 

• Introduction 

i 

I 

I Twenty-tive  years  of  research  have  failed  to  uncover  a better  piezoelec- 

tric than  the  Pb(Zr,Ti)03  or  PZT  family  of  compositions  now  in  use  as  ceramic 
transducers.  Similar  situations  prevail  in  semiconductors,  superconductors, 
magnetics,  and  other  fields  of  solid  state  science.  To  effect  further  improve- 
ments, many  materials  engineers  are  turning  to  composites — combinations  of 
phases  selected  for  the  best  individual  properties  and  put  togett)er  in  a m.niner 
designed  to  make  maximum  use  of  these  properties.  Traditionally  composites 
have  been  formulated  with  basic  properties  such  as  mechanical  strength  in  mind. 
There  exists,  however,  a number  of  "coupled  properties"  which  have  received 
considerable  attention  in  single  phase  materials,  but  have  been  relatively 
neglected  in  composites.  An  example  of  a coupled  property  is  p i ezoel ec t r 1 ■■  i t y . 
In  the  direct  piezoelectric  effect  an  applied  mechanical  force  is  coupled  to 
an  electrical  response  in  an  acentric  material.  It  is  through  tlu'se  coupled 
properties  that  composite  materials  are  expected  to  play  a vital  role  in  future 
I device  design. 

In  selecting  a material  to  be  used  in  a device,  a useful  guideline  is  the 
"figure  of  r.ierit"--a  combination  of  parameters  pertaining  to  a particular  appli- 
cation which  allows  one  to  easily  compare  the  properties  of  a ntimber  of  mate- 
rials and  evaluate  their  potential  usefulness.  In  the  case  of  piezoelectrics 
used  as  passive  detectors  (such  as  hydrophones)  a figure  of  merit  is  the  piezo- 
electric voltage  coefficient,  referred  to  as  the  g coefficient.  This  quantity 
is  arrived  at  by  dividing  the  piezoelectric  strain  coefficient,  by  the 

appropriate  permittivity  coefficient, 
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One  of  our  recent  interests  has  been  in  developing;  low-density,  compliant, 
flexible  piezoelectric  transducers.  A low-density  piezoelectric  should  have 
better  acoustic  coupling  to  water  and  more  easily  adjusted  buoyancy  than  the 
high-density  PZT  ceramics  now  used  for  hydrophones.  A compliant  material  would 
have  better  resistance  to  mechanical  shock  than  a conventional  ceramic  trans- 
ducer and  a large  compliance  would  also  mean  high  damping,  which  is  desirable 
in  a passive  device.  A flexible  material  could  be  used  as  a conformal  detec- 
tor. The  development  of  a piezoelectric  material  which  exhibits  this  combina- 
tion of  seemingly  conflicting  properties  may  be  carried  out  in  basically  two 
different  ways.  The  traditional  approach  is  to  look  for  a single  homogeneous 
material  possessing  all  the  required  properties.  A material  of  current  inter- 
est in  this  category  is  poly (vinyl idene  fluoride),  PVF2. 

Piezoelectricity  was  first  reported  in  this  material  in  1969  by  Kawai  (1). 
In  order  to  make  PVF2  piezoel ectr ical ly  active,  a film  of  the  material  usually 
about  25  to  75  lim  thick  is  electroded  and  polarized  under  application  of  very 
large  electric  fields  (about  10^  to  10®  V/m)  at  elevated  temperatures  (>100‘’C) 
for  times  up  to  several  hours.  The  films  are  then  cooled  to  room  temperature 
before  the  field  is  turned  off  (2).  PVF2  has  a dielectric  constant  of  15  which 
is  high  for  normal  organic  materials  but  two  orders  of  magnitude  lower  than  a 
typical  PZT  ceramic.  The  longitudinal  piezoelectric  strain  coefficients  (d33) 
of  "poled"  PVF2  are  quite  high  for  polymers — on  the  order  of  10  x 10“^“  C/N, 
but  this  is  also  significantly  lower  than  the  d33  values  for  PZT  ceramics  which 
range  from  about  100  to  600  x 10“^^  C/N.  Although  PVF2  has  a relatively  small 
d33,  the  permittivity  of  this  material  is  low  enough  that  a large  figure  of 
merit  is  obtained  (140  x 10"^  Vm/N  compared  to  about  20  x 10'^  Vm/N  for  a 
typical  PZT  ceramic)  (3).  The  compliance  and  flexibility  of  PVF2  is  high  and 
the  density  is  low  compared  to  conventional  ceramic  piezoelectrics.  Overall 
this  combination  of  properties  appears  quite  attractive  and,  in  fact,  PYF2  has 
gained  the  attention  of  a number  of  investigators  whose  efforts  have  been 
directed  toward  developing  devices  based  on  piezoelectricity  in  PVF2  (3,4). 
There  are,  however,  problems  associated  with  the  use  of  PVF2.  The  low  piezo- 
electric strain  coefficient  indicates  that  the  material  would  not  be  of  inter- 
est as  an  active  device,  and  although  its  high  voltage  sensitivity  means  it 
should  be  good  as  a passive  device,  a problem  arises  here,  too.  U'hen  used  as 
a hydrophone,  the  material  must  be  fixed  to  a curved  surface  which  can  flex  in 
response  to  pressure  changes.  The  difficulty  lies  in  designing  a sealed  flex- 
ible mount  for  the  polymer  which  will  function  when  exposed  to  the  high  pres- 
sures which  exist  deep  in  the  ocean  and  still  retain  sensitivity  near  the 
surface.  So  we  see,  then,  that  the  figure  of  merit  d^ji^/c^j  is  not  the  sole 
criterion,  but  that  other  aspects  of  the  problem  must  be  examined. 

A second  approach  involves  the  design  and  use  of  a composite  material. 

The  composite  sliould  be  designed  to  take  maximal  advantage  of  the  useful  prop- 
erties of  each  phase.  A logical  choice  is  a composite  made  of  a polymer  and 
a PZT  ceramic.  The  polyaner  phase  would  lower  the  density  and  permittivity  .and 
increase  the  elastic  compliance.  If  an  elastomer  is  used,  the  composite  would 
be  compliant  and  flexible.  If  an  epoxy  is  used,  the  tr.ansducer  could  possible 
he  used  as  a resonator.  The  properties  of  piezoelectric  "’’T  ari  well  knowai  to 
electromechanical  transducer  designers,  and  these  materials  could  impart  Large 
piezoelectric  strain  coefficients  tc  the  composite.  A few  attempts  have  been 
made  at  creating  an  e lastomer/PZT  composite  for  use  as  a flexible  low-density 
transducer  (5).  The  approach  used  in  these  attempts  was  to  load  a polymer 
film  with  particles  of  a piezoelectric  material.  The  degree  of  flexibility 
and  the  magnitude  of  the  d and  g coefficients  are  primarily  controlled  by  the 
size  of  the  piezoelectric  particles  in  the  heavily  loaded  elastomer  film. 


TVie  Could  flexible  composite  was  fabricated  using  3 to  10  ue  particles 
bound  In  a polyurethane  matrix.  A similar  material  (T-flex)  was  developed  at 
Honeyvell  using  120  im  particles  in  a silicone  rubber  matrix.  The  longitudinal 
d values  obtained  in  both  cases  were  comparable  to  the  piezoelectric  TVFt 
material  but  the  voltage  sensitivities  were  lower  because  of  the  higher  permit- 
tivities in  the  composites.  The  difficulty  with  this  type  of  composite  where 
the  piezoelectric  particles  are  smaller  in  diameter  than  the  thickness  of  the 
polymer  sheet  (Fig.  la)  is  that  low  permittivity  polymer  layers  interleave  the 
piezoelectric  particles  preventing  saturation  poling  after  the  composite  is 
formed.  After  some  poling  has  been  achieved,  the  interleaved  compliant  polymer 
attenuates  the  piezoelectric  response  of  the  composite. 

Composites  were  also  made  at  Honeywell  which  contained  much  larger  parti- 
cles (up  to  2. A mm  in  diameter).  A material  of  this  type  is  shown  schematic- 
ally in  Fig.  lb.  Here  the  particle  size  approaches  the  thickness  of  the  com- 
posite. Since  the  piezoelectric  particles  run  from  electrode  to  electrode, 
near  saturation  poling  can  be  achieved.  The  large  rigid  piezoelectric  par- 
ticles can  transmit  an  applied  stress  well  leading  to  high  d values  if  d is 
measured  across  the  particles.  Permittivities  in  these  materials  are  low  com- 
pared to  homogeneous  PZT,  resulting  in  high  g values.  The  problem  here  is 
that  properties  of  the  composite  are  extremely  position  sensitive. 

To  make  an  effective  com- 
posite transducer,  it  can  be 
seen  that  one  cannot  merely  mix 
two  materials  together — some 
other  consideration  is  necessary. 

Designing  a composite  entails 
not  only  choosing  component  pha- 
ses with  the  right  properties  but 
also  coupling  the  materials  in 
the  optimal  manner.  The  connec- 
tivity of  each  phase  is  of  major 
importance  since  this  controls 
the  electric  flux  pattern  and 
the  mechanical  stress  distri- 
bution . 

Connectivity 

The  importance  of  connec- 
tivity was  illustrated  in  refer- 
ence 6 by  considering  the 
piezoelectric  properties  of 
lamellar  diphasic  composites 
and  calculating  the  one  dimen- 
sional solutions  for  C33  (the 
average  longitudinal  piezoelec- 
tric voltage  coefficient)  for 
various  connectivity  types. 

Considering  simple  one-dicen- 
sional  solutions  (neglecting 
transverse  coupling)  for  a two 
phase  composite  we  have  two 
possible  cases:  series  connection 
and  parallel  connection. 


(a) 


Phase  2 
Phase  1 


•Phase  2 
• Phase  1 


1 


FIG.  1 

Two  t\'pes  of  piezoclectric/polymer  com.po- 
sites:  (a)  represents  small  piezoelectric 
particles  suspended  in  a polv-mer  film; 

(b)  represents  bound  piezoelectric  par- 
ticles of  a size  comparable  to  the  thick- 
ness of  the  polracr  sheet . 
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The  series  connection  case  (Fig.  2a>  corresponds  to  that  in  which  small 
piezoelectric  particles  are  suspended  in  a polymer  film  (Fig.  la).  The  appli- 
cable equations  for  the  piezoelectric  coefficients  are 

1 Ij  2 .22  1 

d-  - S3  ^3,1 

33  rr  7n 

V C33  + V E32 


S33  + 


where  the  v's  represent  the  volume  fractions  of  phase  1 and  phase  2,  the  d~_'s 
represent  the  piezoelectric  strain  coefficients,  the  E33's  represent  the 
permittivities,  and  the  g23 ' s (=*^33/e33)  piezoelectric  voltage  coeffi- 


cients. 


Eleclrods 


Phase  2 
Phase  1 


(a)  SERIES  CONNECTION 


— Elecirodr 


— Phase  2 

— Phase  1 


(b)  PARALLEL  CONNECTION 


Simple  lamellar  dipiiasic  t. . mpos  i t es  : (a) 
series  connection,  alternating  layers  of 
piezoelectric  ceramic  and  nonpiezoelec- 
tric pol\T!ier;  (b)  parallel  connection, 
alternating  stripes  of  piezoelectric 
ceramic  and  nonpiczoelectric  pol>Tner 
connected  continuously  between  the  elec- 
t rodes . 


Substitution  of  numerical  val- 
ues into  these  equations  shows  that 
a mere  1%  volume  fraction  addition 
of  low  permittivity  nonpiezoelec- 
tric polymer  drastically  lowers 
the  d coefficient,  while  the  g value 
is  essentially  unchanged.  This  re- 
sult is  in  qualitative  agreement 
with  the  values  obtained  in  the 
Gould  material  and  the  Honeywell  T- 
flex  material  (5) . 

The  parallel  connection  case 
(Fig.  2b)  corresponds  to  the  compo- 
site in  which  the  particle  size 
equals  the  film  thickness  (Fig.  lb). 
The  resulting  equations  are: 


11  1 
S3‘"33'"‘''‘S3  "33 
12  ^2  '1 

V V 5^2 


1 1 2 2 2 1 

^33  ^33"^  ''  ^^33  ®33 

'it  t 1 11  •’1 

( v"s^^+"v  d^^Cv  V c^^) 


where  the  variables  are  defined  as 
in  the  st-ries  cast  and  the  ^33':^ 
are  tin  elastic  compliances  of  the 
two  pliases.  Substitution  of  appro- 
priate values  and  equal  volume 
fractions  for  a compliant,  nonpiezo- 


clccTrlc,  low  permittivity  pol\Tner  and  a rigid,  high  permittivity,  piezoelec- 
tric ceramic  indicates  that  d33  is  approximately  equal  to  the  d33  of  the 
ceramic  and  that  there  is  actually  an  amplification  of  the  g coefficient.  For 
smaller  volume  fractions  of  the  piezoelectric  phase,  the  g value  is  amplified 
even  further. 

From  these  simple  calculations  one  can  see  that  a conii>oslie  piezoelectric 
transducer  material  should  have  a parallel  connection  In  which  the  piezoel ect r ic 
phase  is  continuous  from  one  electrode  to  the  other  to  provide  the  continuity 
of  electric  flux  required  for  saturation  poling.  The  ceramic  phase  should  also 
be  oriented  normal  to  the  electroded  surfaces  for  the  transmission  of  mechanical 
stress  and  high  piezoelectric  response.  Clearly,  the  type  of  structure  desired 
for  effective  mixing  is  one  of  closely  spaced,  colinear,  one-dimensional  piezo- 
electric rods  held  in  a three-dimensional  polymer  matrix  (Fig.  3).  A composite 
of  this  type  is  said  to  have  3-1  connectivity  (6). 


Hydros tat  ic  Sensit ivity 

A problem  arises  when  one 
attempts  to  use  PZT  as  a single- 
phase hydrostatic  sensor  because 
d33  is  approximately  equal  to  -2d33 
resulting  in  a low  piezoelectric 
response  to  pressure  change.  Since 
sizable  g33  coefficients  can  be 
obtained  for  composites  with  par- 
allel connection,  it  is  interest- 
ing to  inquire  into  the  hydrostatic 
sensitivity  of  this  type  of  con- 
nectivity . 

To  evaluate  the  effective 
hydrostatic  sensitivity  for  par- 
allel connection.  It  Is  necessary 
to  evaluate  the  transverse  piezo- 
electric coefficient  ^33  since 
P3  = “(^33  2^31 ) ^ where  O is 

the  applied  hydrostatic  pressure.  It 
so  that 


FIG.  3 

A 3-1  structvire.  Ceramic  rods  one- 
dimensionally  connected  between 
electrodes  and  held  in  a three-dimen- 
sionally  connected  polymer  matrix. 

'V  1 1 2 2 

can  be  shown  that  d33  = v d3i  + v d32 , 
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Suppose  for  the  composite  we  choose  equal  volumes  I'f  p ieziH'l  ec t r ic  PZT 
j^phast  1)  and  a soft  elastomer  (phase  2)  such  that:  = 2v  « 1/2,  ^533  <<■ 

“S33,  ^<133  ^‘^33»  ^‘^33  cc'mposite  djj  =1/2  ^d  and 

^33  " ^^33'  ^h  ~ ^‘^33- 

This  is  a considerable  improveir'.'nt  over  single  piiase  performance.  Since 
the  hydrt'pbones  used  under  hydrostatic  conditions  are  normally  voltage  genera- 
tors, the  further  favorable  enhancement  of  the  vc'ltago  ('c'ef  f ic  lent  gi^  can  also 
he  exploited. 
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Cowposlte  Fabrication 


We  have  seen  that  the  simple  calculations  indicate  a composite  with  3-1 
connectivity  is  needed  to  make  an  effective  composite  transducer.  Since,  how- 
ever, in  firing  the  ceramic  fibers  one  must  maintain  their  orientation,  inter- 
connections between  the  rods  are  needed  and  therefore  in  practice  partial  3-3 
character  is  required.  In  a 3-3  template,  both  phases  are  continuously  con- 
nected in  all  three  dimensions.  This  type  of  structure  is  exhibited  by  certain 
polymer  foams,  some  diphasic  glasses,  three-dimensionally  woven  materials,  and 
bv  biological  substances  such  as  wood  and  coral. 

Coral  skeletons  are  characterized  by  a structure  with  the  following  fea- 
tures: (i)  a narrow  pore  size  distribution;  (ii)  a pore  volume  approximately 
equal  to  the  solid  phase  volume,  and  (ill)  complete  pore  int er connect ivity 
making  every  pore  accessible  from  all  other  pores.  The  dimensions  of  the  pores 
vary  from  species  to  species,  but  within  one  species  the  size  range  is  quite 
narrow.  Different  species  of  coral  have  various  degrees  of  anisotropy  in  tlicir 
structure  ranging  from  a 3-1  connectivity  of  nearly  parallel  tubes  to  highly 
isotropic  3-3  structures.  Figure  4 shows  a micrograph  cube  of  the  calcium 
carbonate  skeleton  of  the  coral  species  goniopora  which  we  have  used  as  a struc- 
tural template  for  making  composite  transducers.  The  replicating  technique, 
known  as  the  replamineform  process,  was  developed  at  the  Materials  Research 
Laboratory  at  Fenn  State  for  producing  prosthetic  materials  (7).  We  chose  the 
replamineform  process  for  reproducing  the  3-3  connect ivitv  type  because  of  past 
experience  with  this  procedure,  but  are  investigating  other  templates  wliicli  are 
not  subject  to  the  vagaries  of  coral  growth. 


FIG.  4 

Micrograph  cvibe  of  the  calcium  carbon- 
ate skeleton  of  gim.opora  coral.  The 
largest  pore  diameters  are  about  hOO  iir. . 


Replamineform  Process 

Tlie  first  step  of  the  roplaratne 
process  is  to  shape  the  coral,  which 
is  quite  easily  machinable,  to  the 
desired  geometry.  The  coral  temp- 
late is  then  vacuum-impregnated  with 
Kerr  Inlav  easting  wax  and  the  wax 
allowed  to  harden,  after  which  the 
calcium  c.irbonatc  coral  skeleton  is 
leached  away  in  hydrochloric  acid 
leaving  a wax  negative  of  the  origi- 
nal coral  template.  The  negative  is 
reinvested  with  a PZT  slip  contain- 
ing hy  volume  43T.  PZT,  53*'  HaO,  and 
poly (vinyl  alcohol).  The  PZT  used 
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then  backfilled  with  a suitable  polymer  such  as  Dow  Coming  MDX-4-4210  Elastomer 
which  Is  a high  purity  silicone  rubber.  After  the  surface  has  been  cleaned,  a 
sliver-loaded  silicone  rubber  electrode  is  applied.  The  composite  is  then 
poled  at  a field  strength  of  14  Kv/cm  for  5 minutes  at  100“C.  The  relative  per- 
mittivity of  the  unbroken  composite  as  determined  on  a HP  4270A  automatic  capa- 
citance bridge  is  about  100.  The  longitudinal  piezoelectric  coefficient  was 
evaluated  on  a Channel  Products  Berlincourt  d33  meter.  The  d33  values  obtained 
for  the  unbroken  composite  are  relatively  area  insensitive  and  agree  well  with 
the  simple  parallel  model  prediction  of  about  160  x 10“12  c/N.  As  poled,  the 
replamine  replica  is  still  a rigid  structure  because  of  the  three-dimensional 
connectivity  of  the  ceramic  phase.  If,  however,  the  body  is  now  crushed  to 
break  the  ceramic  connectivity  an  extremely  flexible  piezoelectric  composite 
results  (Fig.  5).  Crushing  is  carried  out  by  reducing  the  sample  height  to  802 
of  its  original  value  and  simultaneously  shearing  the  sample  202  of  the  sample 
height  about  an  axis  perpendicular  to  the  crushing  force  direction. 


By  breaking  the  poled  ceramic,  the  easy  electric  flux  path  through  the 
poled  piezoelectric  is  interrupted,  thus  lowering  the  permittivity.  The  pieces 
of  poled  piezoelectric  are  still  held  in  position  by  the  polymer  matrix  and 
will  therefore  still  transmit  stress.  As  a result,  the  d coefficient  remains 
high  while  the  permittivity  is  reduced  and  thus  the  longitudinal  piezoelectric 
voltage  coefficient,  g33(“  ^33/033),  is  greatly  enhanced  with  respect  to  the  g 
value  of  a homogeneous  ceramic  piezoelectric. 


After  disrupting  the  connec- 
tivity of  the  PZT  phase  by  crushing 
the  sample,  the  relative  permitti- 
vity is  reduced  to  about  40,  while 
833  is  only  reduced  to  about  100  x 
10-12  c/N.  The  g values  of  these 
flexible  composites  are  approxi- 
mately 300  x 10“^  Vm/N  which  is  fif- 
teen times  better  than  a homogeneous 
PZT  transducer.  Table  1 contains  a 
comparison  of  transducer  character- 
istics, from  which  it  is  obvious 
that  the  replamine  composite  of 
PZT-501A  and  silicone  rubber  com- 
pares very  favorably  with  homogen- 
eous transducer  materials  for  pass- 
ive device  applications.  The  den- 
sity of  the  3-3  composite  is  low 
compared  to  homogeneous  PZT,  so 
the  acoustic  coupling  to  water 
should  be  better.  The  compliance 
of  the  composite  and  P\T2  are  large 
compared  to  solid  PZT,  imparting 
mechanical  shock  resistance. 


The  833  value  of  the  3-3 
composite  is  reasonably  good,  so 
that  if  the  connectivity  is  not 
broken  and  a rigid  polymer  is  used 
in  place  of  silicone  rubber,  it 
may  be  possible  to  fabricate  a low 
density,  high  coupling  resonator. 


FIG.  5 

Flexible  FZT/silicone  rubber  pirzoolec 
trie  composite  produced  by  the  replam- 
ineform  process.  The  sample  is  approxi 
mately  25  x 25  x 4 mm. 
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TABLE  1 


Compiirison  of  sevoral  transducer  materials 


Property 

PVF^  (Ref.  3) 

Homogeneous 

PZT-501A* 

Flexible 

3-3  composite 

Density 

X 10^  Kg/m^ 

1.8 

7,9 

3.3 

Compl iance 

High 

Low 

High 

d33 

X 10“^2  c/N 

14 

400 

100 

10 

2000 

40 

833 

X 10”^  \'-m/N 

140 

20 

300 

. 

*Ultrasonic  Powder,  Inc.  "Piezosonic  Powders"  data  sheet. 


The  g33  of  PVF2  is  high  compared  to  conventional  PZT  hnt , as  noted  previously, 
the  use  of  this  material  as  a hydrophone  is  limited  by  mechanical  problems. 

The  hydrostatic  voltage  sensitivity  of  the  replamine  composite  is  quite  large, 
about  200  times  the  sensitivity  of  an  equal-sized  homogeneous  PZT-301A  slug 
and  about  twice  that  of  PVF2. 

Hydrophone  designers  have  improved  the  response  of  homogeneous  PZT  by 
using  a thin-walled  hollow  cylinder  with  capped  ends  poled  in  a manner  which 
greatly  enhances  the  hydrostatic  response  of  the  device,  hnt  these  rigid  de- 
vices are  susceptible  to  failure  from  low-level  mechanical  shocks.  Also,  the 
necessity  of  sealing  the  ends  of  the  device  (as  in  the  case  of  the  PVF2  device) 
limits  the  lifetime  and  the  range  of  depths  for  which  the  hydrophv’ne  can  be 
used.  This  is  not  the  case  with  the  solid  replamine  composite.  The  3-3 
composite  is  highly  shock  resistant.  Its  designed  iiihomogeneous  structure 
attenuates  the  lateral  components  of  the  liydrostat  ic  ptt'ssure  and  enhances 
the  longitudinal  response  without  a compile. ited  se.iU'il  di-vice  configuration, 
so  it  could  be  used  to  any  depth. 

Further  evaluation  of  this  new  type  of  transducer  material  is  in  pto'gress 
and  will  be  the  subject  of  later  papers. 
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Reactivity  of  Zirconia  in  Calcining  of  Lead  Zirconate-Lead  Titanate 
Compositions  Prepared  from  Mixed  Oxides 
J,V.  Riggers  and  S.  Venkataramani 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Abstract 

The  reactivity  of  zirconia  is  an  important  factor  in  calcining 
PZT  compositions.  In  this  study  we  have  compared  the  reactivity 
using  several  different  techniques  of  a commercial  zirconia  and 
high  purity  chemically  prepared  powder  produced  by  hydrolysis  of 
a butoxide.  The  results  of  the  work  show  that  there  is  a con- 
siderable difference  in  the  calcining  behavior  of  mixed  oxide 
composition  prepared  with  the  two  different  zirconia  sources. 
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1.  INTROpUCTjON 

Zirconia  is  presumably  the  least  reactive  of  the  constituent  oxides  used 

to  produce  ceramics  in  the  Pb0-Zr02-Ti02  system.  In  the  formation  of  PZT 

(PbZrO^-PbTiO^)  solid  solutions  from  mixed  oxides,  the  solid  state  reactions 

during  calcining  of  the  oxide  mixtures  usually  begins  with  the  formation  of 

a PbTiO^  phase  around  700°C.  The  remaining  PbO,  Zr02  and  Ti02  react  at  a 

higher  temperature  (''•800‘’C)  to  form  the  Pb(Zr^Ti^  specific 

(1  21 

sequence  of  reaction  is  reported'  ’ ' to  be  the  formation  of  PbTiO^  followed 
by  an  intermediate  Pb(ZrTi)02  and  finally  both  reacting  to  form  the  required 
PZT.  However,  exceptions  have  been  noted  in  which  the  reaction  sequence  was 
opposite,  a PbZrO^  phase  formed  first  with  PbO,  and  Ti02  reacting  later  as 
PbTiOj  or  forming  the  solid  solution  PZT^^^. 

In  the  present  work  we  have  determined  the  reaction  sequence  on  calcining 
of  four  PZT  compositions  covering  a wide  range  of  Zr02  content.  Two  sets  of 
compositions  were  prepared,  one  using  commercial  oxides  and  one  in  which  a 
high  purity,  submicron  chemically  prepared  Zr02  was  substituted  for  the 
commercial  powder. 

2.  EXPERIMENT^ 

2.1  Preparation  of  the  Zirconia  Powder 

The  zirconia  for  this  study  was  prepared  by  the  hydrolysis  of  the  zirconium- 

tetra-(n)-butoxide  (ZBT).  Figure  1 gives  the  flow  sheet  of  the  process.  The 

(4) 

method  is  similar  to  the  one  used  by  Mazdiyasni  et  al.'  . 

Two  hundred  ml  of  ZBT  were  added  in  a slow  stream  to  500  ml  of  deionized 
water  agitated  in  a high  speed  blender.  The  butoxide  was  hydrolyzed  with  an 
exothermal  reaction  to  form  the  hydroxide 

nHpO 

Zr(OBu)^  + 4H2O  Zr(OH)^  + BuOH  + nH20 


J 


J 


Flq.  1.  Flow  Sheet  - Preparation  of  Alkoxy  Derived  Zirconia 


The  resulting  slurry  was  pan  dried  at  '^120°C  and  ball  milled  for  8 
hours  in  a polyethylene  jar  using  stabilized  Zr02  balls  and  an  ethanol 
medium.  The  slurry  was  then  dried  and  the  powder  was  calcined  at  500°C 
for  12  hours. 

2 . 2 PZT  Preparation 

Four  compositions  with  Zr02/Ti02  mole  ratios  varying  as  40/60,  52/48,  60/40, 
and  90/10  were  prepared  using  "Analar"  PbO,  Tizon  Ti02,  and  Harshaw  Lot  6/76 
Zr02  for  the  standard  compositions  (designated  as  H series).  The  chemically 
prepared  Zr02  was  used  instead  of  the  Harshaw  Lot  6/76  for  the  experimental 
compositions  (designated  as  P series). 

The  oxides  were  weighed  and  ball  milled  for  12  hours  in  polyethylene  jars 
using  stabilized  Zr02  cylinders  in  an  ethanol  medium.  The  slurry  was  then 
dried  and  the  powders  were  used  in  the  calcining  studies.  Table  I gives  the 
details  of  the  PZT  compositions. 

2.3  Calcining  (Reactivity)  Studies 

The  calcining  studies  were  done  in  a resistance  heated  muffle  furnace. 

The  temperatures  were  500,  600,  and  SOO^C  with  holding  periods  of  3,  6,  and  9 

hours.  The  PZTs  were  weighed  into  alumina  crucibles,  covered  with  alumina 

lids  and  calcined  at  the  temperatures  and  periods  mentioned  above. 

Weight  losses  on  calcining  were  recorded.  The  calcined  samples  were  also 

analyzed  using  x-ray  diffraction  for  the  detection  of  the  major  phases. 

Unreacted  or  "free"  PbO  was  volumetrically  determined  by  treatment  with 

1:3  acetic  acid  and  titrating  the  solution  with  a standard  EDTA  using  xylenol 

orange  as  indicator.  In  some  samples  unreacted  (Zr02  + Ti02)  were  also  esti- 

(2) 

mated  by  a gravimetric  method  described  by  Robinson  and  Joyce' 
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Table  I.  PZT  Compositions 


• ■ 

No. 

Welqht  % 

1 u run 

PbO 

ZrOj 

TIO^ 

1 

0.5^3 

69.66 

15.38 

14.96 

2 

’^^^*0.52^^0.48^3 

68.54 

19.68 

11.78 

3 

’’’’^''0.6^*0.4^b 

67.82 

22.47 

9.71 

4 

PbZro  ^TIq  ^03 

65.26 

32.42 

2.34 

ii 
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^ I SCUSS I 

3.1  Chemical  Preparation  of^  ZrO^ 

Results  of  surface  area  measurements  as  determined  by  a BET  technique  on 
typical  chemically  prepared  and  coniiiercial  powders  are  shown  in  Table  II. 

A computer  assisted  scanning  electron  microscope  (SEM)  and  a technique 

(6) 

described  by  Lebiedzik  et  al.'  were  used  to  determine  the  particle  size  and 
shape  distribution  of  the  coniiiercial  ZrO^.  The  process  uses  computer  control 
of  the  SEM  raster  which  generates  both  particle  size  and  shape  data  based  on 
a set  of  eight  orthogonal  axes  imposed  on  each  particulate  in  a large  sample 
population. 

The  min/max  ratio  listed  is  the  ratio  of  the  minimum  and  maximum  diameter 
of  the  particles  and  is  indicative  of  particle  shape.  A spherical  particle 
would  have  a min/max  ratio  of  1.  The  results  of  the  analysis  are  shown  in 
Fig.  2 . 

A quantitative  particle  size  and  shape  measurement  of  the  chemically 

prepared  powders  could  not  be  made  because  of  their  fineness.  Transmission 

electron  microscopy  showed  that  the  particle  size  distribution  was  narrow 

and  that  the  average  particle  was  about  300A  in  diameter  with  an  irregular 

shape.  These  particle  size  and  surface  area  data  for  the  chemically  prepared 

(4) 

Zr02  are  in  good  agreement  with  the  values  reported  bv  Mazdiyasni  et  al. 
for  powders  obtained  by  a vapor  phase  hydrolysis  of  the  alkoxide. 

The  powders  as  precipitated  were  amorphous  to  x-rays,  and  the  peaks 
gradually  sharpened  up  when  heated  at  500‘'C.  The  TGA  and  DATA  data  (Fig.  3) 
indicate  that  the  precipitate  is  a complex  gel  (probably  Zr(OH)^-\H20)  which 
becomes  a well  crystallized  ZrO^  on  heating. 
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Table  II.  Surface  Area  of  the  Oxides  Used  in  the  PZT 
Preparation 


Material 

Surface  Area  [M^/gm] 

1" 

1 

Lead  oxide 

(National  Lead) 

0.42 

Titanium  oxide 

(Tizon) 

9.28 

Zirconium  oxide 

(Harshaw  lot  6/76) 

15.00 

Zirconium  oxide 

[ (Chemically  prepared) 

154.00 
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Average  Diameter  Distribution  {#  Percent) 
Harshaw  Zr02  6/76 
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Fig.  2.  Particle  size  distribution  of  the  ZrO^  powders. 
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Fig.  2.  Particle  size  distribution  of  the  Zr02  powders  (Cont'd). 
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3.2  Reactivity  Studies  of  PZT  Compositions 

Table  III  gives  qual i tati vely  the  niajor  phases  detected  in  the  various 
PZT  compositions  as  a function  of  temperature  and  period  of  calcination. 

The  sequence  of  reactions  in  the  compositions  PI  to  P4  containing  the  chemic- 
ally prepared  ZrO^  is  distinctly  different  from  those  containing  the  commercial 
ZrO^.  In  these  powders  a PZ  and  PT  phase  are  found  along  with  a PZT  phase 
and  finally  a stoichiometric  PZT  phase.  Depending  on  the  anwunt  of  ZrO^  in 
the  PZT  the  formation  and  the  relative  amount  of  the  PZ  phase  formed  varies 
(PI  to  P3  has  less  PZ  formed  than  P4). 

3 . 3 Chemical  Anal y s i s pf_PZJ 

Figure  4 shows  the  anwunt  of  unreacted  PbO  as  a function  of  the  calcining 
time  and  temperature  for  the  90/10  PZT  composition  (PbZr^  gTiQ  103)-  The 
amount  of  PbO  decreases  as  the  calcining  temperature  and/or  time  increase. 
Further  the  "free"  PbO  content  in  the  P4  sample  containing  the  chemically  pre- 
pared ZrO^  is  consistently  lower  than  that  in  the  samples  containing  the  Harshaw 
Zr02.  It  is  interesting  to  note  that  the  free  PbO  in  the  P4  sample  at  the 
500''C  calcine  is  even  lower  than  that  in  the  H4  sample  at  the  600''C  calcine. 

The  reversal  of  these  results  for  the  800"C  calcine  is  probably  due  to  the 
higher  loss  of  the  uncombined  PbO  from  the  H4  samples  which  lost  2-3  w/o  at 
800'‘C  and  0.5-1  w/o  at  500  and  600‘'C.  The  P4  lost  consistently  2-3  w/o  for 
the  whole  ranqe  of  the  calcining  sequences;  the  higher  loss  was  probably  due  to 
adsorbed  species  on  the  ultrafine  Zr02. 

Table  IV  shows  the  amount  of  the  unreacted  (Zr02  + Ti02)  for  2 calcines. 

It  is  obvious  that  the  reaction  is  more  complete  in  the  P4  sample  and  also 
that  there  is  a PbZrO^  (PZ)  formation  occurring  as  evident  from  the  x-ray  data. 
Though  the  values  agree’  with  the  calculations,  a more  complex  reaction  sequence 
involving  an  intermediate  PZT,  PZ  and  PT  could  not  be  ruled  out. 


Table  III.  Phase  Analysis  by  X-Ray  Diffraction 


Titanium  oxide  PZT  = Lead  zirconate  titanate 

solid  solution 


I » ' 

3 6 9 

Time  Hrs 

Fig.  4.  Uncombined  PbO  vs  Period  of 

Calcining  for  Various  Temperatures. 

» 


13 


Table  IV. 


■'  1 

Temp/ Tine 

Free  PbO  Unreacted  (ZrOj+TiO?) 

“C  hr 

H4 

P4 

H4  i P4 

1 

- 

500/9 

600/9 

58.8 

54.9 

51.7 

38.4 

~ 7 “* 

32.50  1 28.25 

1 

30.26  18.65 

I 

1 

I 

i. 

I 

f 


Formulation:  PbO  - 65.25  wt" 

rbw>  gTi  ^)03  ^ 7r02  - 32.42  wt-*. 

('  TiOo  - 2.34  wf, 

V.  <■ 

0.9  PbO  + 0.9  ZrO^  * 0.9  PbZr03  - (a) 

0.1  PbO  » 0.1  TiOi  = 0.1  PbTi03  - (b) 

(o.o.)  P4  in  serial  number  1 
If  all  the  reacted  PbO  follows  reaction  (a) 
Amount  of  .’rO.,  combined 


« (65.25-51.7)  X = 7.98 

( \A  ? A . 7 ' 

Percent  unreacted  (ZrO^  ♦ TiO-,)  = ''  ‘'ip 

« 27.28 


If  (b)  is  complete  and  the  rest  of  the  reacted  PbO  takes  p,n  l in 
reaction  (a) 

Percent  unreacted  (Zr02  + TiO-,)  ;'8.55 


I 
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4 . CONCUIS  IONS 

We  have  shown  that  the  use  ot  chemically  prepared  /rO^  si()i\ificantly 
alters  the  calciniiu)  reaction  sequence  tor  mixed  oxide  IVT  compositions. 

The  first  compound  formed  with  the  commercial  ZrO^  compositions  is  lead 
titanate  and  lead  jiirconate  is  formed  first  when  usiiui  the  chemically  prepared 
zirconia.  A IVT  phase  is  forimni  at  500"C  usincj  chemically  prepared  zirconia, 
while  the  coiwtercial  ZrO.^  composition  shows  IV.T  as  a phase  only  for  the  800"C 

4. 

calcines . 

The  increased  reactivity  of  the  chemically  prepared  ZrO^  mipht  he  used 
to  great  advatitaqe  in  the  pi’ocessitui  of  coiiiiiercial  PZT  compositions.  It  is 
possible  that  the  separate  calcining  step  normally  employed  to  produce  ceramics 
from  mixed  oxide  powders  could  be  eliminated  and  a singlt'  firing  schedule  could 
be  devised  with  suitable  time  at  low  temperatures  to  promote  formation  of  the 
right  combination  of  phases  to  produce  high  density  ceramics.  The  introduction 
of  such  a process  could  lead  to  lower  production  costs  and  more  reproducible 
properties.  However,  in  order  to  develop  a one  step  firing  seguence,  consider- 
ably more  must  be  known  about  sintering  mt'chanisms  and  kinetics  for  PZT  compo- 
sitions. Specifically,  we  must  better  understand  the  role  of  unreacted  and 
intermediate  phases  on  the  s inter incj  behavior. 

At  present  work  is  in  progress  that  will  generate  more  detailed  reaction  f 

seguence  maps  for  the  mixed  oxides  using  chemically  prepared  zirconia.  In 
parallel  studies  the  sintering  behavior  of  discs  with  different  combinations 
of  unreacted  and  intermediate  phase  will  be  determined. 
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Preparation  and  Reactivity  of  Lead  Zirconate-Ti tanate  Solid  Solutions 
Produced  by  Precipitation  from  Aqueous  Solutions 


S.  Venkataramani  and  J V.  Biqgers 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Abstraj:t 

A process  for  preparation  of  PZT  by  precipitation  from  butoxide 
precursors  is  described.  The  reactivity  of  the  powders  during  low 
temperature  firing  (calcining)  has  been  determined  using  weight  loss, 
x-ray  diffraction,  and  DTA-TGA  techniques. 
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’ • I ION 

Solid  solutions  of  lead  zirconate  - lead  titanate  (PZT)  ceranics 
are  widely  used  in  piezoelectric  devices.  The  niost  useful  PZT  composi- 
tions are  of  those  in  the  vicinity  of  the  nornhotrooic  boundary 
Pb(Zr^Ti^  ^)02  with  x between  0.60  and  0.55.  Most  commercial  ceramics 
are  prepared  from  calcined  nixed  oxide  powders.  Difficulties  in  mixing 
and  variations  in  composition  and  physical  characteristics  of  the  in- 
dividual pov/ders  lead  to  inhomogeneities  in  both  composition  and  micro- 
structure which  in  turn  affect  the  mechanical  and  piezoelectric  proper- 
ties . 

Alternate  methods  o^  oreparing  fine,  homogeneous  oowder  have  been 
developed.  The  ceramic  oxide  powders  thus  obtained  are  general Iv  termed 
"chemically  prepared"  oxides.  In  short,  the  process  involves  the  phvsico- 
chemical  reaction  o^  the  precursor  compounds  of  the  required  oxides.  The 
widely  used  precursors  are  organic  and  inorganic  compounds  especially 
alkoxides,  oxalates,  citrates,  nitrates,  sulfates.,  etc.  The  usual 
physico-chemical  reactions  are  evaporation,  pyrolysis,  hydrolysis,  co- 
precipitation, sol -gel  formation  and  freeze  drying. 

Haertling  and  Land^^^  synthesized  PZT  with  lanthanum  additions  (PLZT) 
by  the  hydrolysis  of  alkoxides,  by  adding  a lanthanum  acetate  solution 
to  a mixture  of  lead  oxide,  zirconium  and  titanium  butoxides  kent  agita- 
ted in  a high  speed  b^en'^er.  The  butoxides  were  hydrolyzed  by  the  water 
of  the  acetate  solution  and  the  resulting  slip  was  a complex  oxide,  hy- 
droxide mixture  of  the  PLZF  comoosition.  On  drvino  anH  calcining  the 
PLZT  oxide  v/as  obtained.  The  oxide  was  of  verv  hinh  ourity  and  submicron 

in  size  and  the  ceranics  made  from  it  had  superior  electro-optic  proper- 

(21 

ties.  Brown  and  'lazdivasm'  ' 
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also  hove  reoorted  the  oreparation  of 
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PLZT  fron  the  constituent  alkoxide  h''droivsis. 

Preparations  of  PZT  anvi  PLZT  conposition  from  nitrates  has  been  re- 
ported by  McNanara^^^,  Murata^^^  and  Thompson ^ . The  oxides  were  ob- 
tained by  either  spray  dryino,  evaporation,  freeze  drying,  or  more  com- 
monly, coorecipi tation  of  the  nitrate  solution  of  the  constituent  oxide 
in  the  right  proportion.  The  problem  of  stabilizing  the  titanium  nitrate 
solution  was  overcome  by  either  adding  titanium  oxide  as  the  alkoxide  or 
adding  H2O2  to  the  nitrate  solution.  PZT  compositions  have  also  been 
obtained  by  the  coprecipi tation  of  citrates  and  formates  of  the  con- 
stituent oxides  in  alcohol. 

In  this  viork  the  PZT  were  prepared  from  mixtures  of  alkoxides  and 
lead  acetate.  The  sequence  of  reactions  for  calcininn  at  various  tem- 
peratures and  times  has  been  investigated. 

2-  Lxperl'icntal 

The  starting  materials  for  the  preparation  of  PZT  were  lead  acetate 
solution  (25  wt  %) . Zirconium  tetra-n-butoxide  (2S  - 66  wt  ' ZrO^)  and 
titanium  tetra-n-butoxi Je  (23.71  wt  TiO^).  The  zirconium  and  titanium 
butoxides  were  weighed  into  a hinh  soeed  blender  and  mixed  for  about  3-3 
minutes.  The  lead  acetate  solution  was  slowly  added  to  this  alkoxide  mix- 
ture as  agitation  v/as  continued.  The  water  of  the  acetate  solution  hy- 
drolyzed the  alkoxides  exothermically,  and  the  resultinc  preci ni tate  was 
a complex  PZT  hydroxide  acetate.  The  total  mixing  time  was  about  20  min- 
utes. The  resultinr  viscous  slin  was  dried  overnight  in  an  oven  at  120''C. 
The  dried  "cake"  was  then  ball  milled  for  8 hours  in  a polyethylene  jar 
usino  stabilized  ZrO^  cylinders  and  an  ethanol  medium.  The  ball  milled 
powder  was  dried  in  the  oven  at  'IZO^C. 
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The  conposi tions  had  varyinn  Zr02/Tin2  riole  ratios  of  52/48,  60/40, 
70/30,  80/20,  and  40/60.  Some  of  these  compositions  were  also  prepared 
by  addinp  deionized  water  to  an  agitated  mixture  of  PbO,  zirconium,  and 
titanium  butoxides.  The  general  process  flow  sheet  is  shown  in  Fig.  1. 

The  compositions  were  calcined  in  sintered  alumina  crucibles  at  500°, 
600°,  800°,  and  1000°C  for  periods  ranging  from  2-16  hours.  The  weight 
losses  during  calcining  were  determined  and  x-ray  diffraction  data  were 
obtained  in  order  to  detect  the  major  phases  present.  DTA  and  T8A 
were  done  on  the  52/48  comoos i ti on . 

3.  RESULTS  AND  OISCUSSION 

The  as-precipitated,  dried  samples  were  '’amorphous " to  x-ray.  The 

2 

8ET  surface  area  of  the  P7T  was  '28  f1  /gm.  Scanning  electorn  microscopic 
analysis  of  the  oowder  revealed  an  average  particle  size  of  '0.5  ym. 

The  weight  losses  on  calcining  shown  in  Table  I indicate  that  the  co- 
precipitated material  from  lead  acetate  and  the  alkoxides  is  a mixture  of 
acetate  and  oxyhydroxide  rather  than  a single  phase  PZT  oxyhydroxide  com- 
plex. The  weight  loss  of  PbZrg  52^’'o  43*^3  '‘found  22«  which  is  in  good 
agreement  with  the  figure  obtained  from  the  T3A  (Fig.  2).  Assuming  that 
the  precipitate  is  a mixture  of  lead  acetate  and  the  hydroxides  of  zir- 
conium and  titanium  the  v/eight  loss  on  calcininn  wouH  be  29.03,.  On  the 
other  hand  if  all  the  constituents  are  hvHrolyzed  to  the  respective  hy- 
droxides the  loss  would  be  '14%.  A complex  mixture  of  acetate  and  oxy- 
hydroxides  would  have  weight  loss  within  the  ranoe  of  14  - ZO' . Hence 
the  v/eight  loss  figures  of  the  samnles  ('  22  ) show  that  the  precipitate 
as  dried  is  a comnlex  acetate  oxyhydroxide.  The  precipitate  obtained  by 
the  hydrolysis  of  PbO,  and  the  alkoxides,  lost  5.5  i 1.1  in  weight  on 


calcimnq.  If  the  dried  precipitate  is  a totally  hydrolysed  PZT  hy- 
droxide, the  weight  loss  would  be  10  , and  if  it  is  a PZT  oxide  the  loss 
would  be  rero  Moreover,  it  can  be  calculated  that  if  the  PbO  is  con- 
verted to  Pb(0H)2  and  the  zirconium  and  titanium  butoxides  to  the  respec- 
tive oxyhydroxides  the  loss  would  be  Z.Oii.  Hence  the  hydrolysis  of  a 
mixture  of  PbO,  and  the  alkoxides  apparently  result  in  a complex  ox,v- 
hydroxide  of  the  PZT. 

The  DTA  (Fig.  2)  of  the  Pb(Zr,^  52^’o  43^^3  "•'^cinitate  obtained 
by  the  hydrolysis  of  the  lead  acetate  and  the  butoxides  of  zirconium 
and  titanium  shows  an  endothermic  peak  at  and  broad  exotherm  around 

350‘’-400'’C  corresponding  to  the  melting  and  conversion  o^"  lead  acetate  to 
lead  oxide.  Apart  from  these  there  is  another  exothennic  oeak  around 
580''C.  There  are  no  exothermic  oeaks  seen  at  600‘’C;  no  broad  regions 
around  700  and  no  endothermic  peaks  around  730"'C  as  reported^^^  for 
the  reaction  amono  a mixture  of  PbO,  Zr02  and  TiO^  to  form  PZT. 

The  TOA  (Fig.  2)  as  mentioned  before  indicates  that  the  major  weight 
losses  occur  till  500‘'C  and  further  loss  due  to  the  PbO  evaporation  around 
900-1000''C. 

X-ray  diffraction  analysis  (Table  2)  reveals  the  sequence  of  the 
reactions  occurring  at  various  calcining  cycles. 

(i)  In  the  SOO'^C  calcines  the  onlv  prominent  observation  is  the  re- 
duction of  the  amount  of  unreacted  PbO.  The  samoles  were  still  nporly 
crystalline  to  x-»'ays.  However,  the  sharnness  of  the  neaks  increases  as 
the  oeriod  of  calcine  increases.  The  other  major  nhase  is  orobablv  an 
intermediate  PZT  phase.  There  is  no  obvious  evidence  of  either  PbTiO.^ 
or  PbZrOj  occurrino  as  a major  ohase  as  detected  by  x-ravs. 

(ii)  The  only  major  phase  detectable  in  the  600"C/3  hrs;  300 'C  2 hrs 
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and  100J''C/2  hr  calcines  is  a PZT  ohase.  There  is  no  detectable  peak  of 
the  un reacted  PbO. 

The  precipitate  obtained  by  the  hydrolysis  of  PbO  and  the  ^ircon- 
iun  and  titanium  butoxides  has  qualitatively  (from  peak  intensities) 
lower  amounts  of  unreacted  PbO  after  the  bOO'^'C/Z  hrs  calcine  than  the 
one  obtained  by  the  hydrolysis  of  a mixture  of  lead  acetate  and  the 
butoxides.  The  former  precipitate  is  chemically  more  homoqeneous  in  that 
it  is  a com^’lex  PZT  oxyhydroxide. 

On  calcining,  with  a simultaneous  loss  of  the  hydroxyl  PZT  forma- 
tion starts. 

The  lead  acetate  in  the  latter  precipitate  decomposes  giving  PbO 
which  then  reacts  to  form  the  PZT. 

Many  workers^^’®’^^  have  shown  that  PZT  forms  only  at  temperatures 
greater  than  700‘'C  from  mixed  oxides  whereas  the  alkoxy  derived  precipi- 
tates seem  to  i-eact  at  bOO^'C  to  fon’i  PZTs  and  the  reaction  is  almost  com- 
plete on  calcining  for  8 hrs  at  600"C.  The  PZTs  thus  obtained  are  stoi- 
chioinetric,  extreme-y  fine  and  verv  pure.  f*aertlinr  and  Land^^^  and 
M.udiyasni^^'  shelved  that  the  lanthanum  added  PZTs  from  alkoxides  re- 
acted at  500"C  to  fotTi  a sinole  phase  PLZT.  Mazdivasni  found  that  the 
PLZT  after  drying  in  vacuum  at  60"C  was  a sinele  phase  material,  ' ai'K-n-- 
phous  ‘ to  x-rays  and  slowly  ''crystallized"  on  heatinn. 

<1.  CONCLUSIONS 

In  this  initial  study  we  have  shown  that  it  is  possible  to  produce 
a single  phase,  high  purity,  ultrafine  PZT  powder  by  calcinino  at  low 
temperatures  a complex  lead  zirconium  titanium  hydroxide  produced  by 
precipitation  from  an  aqeous  solution. 
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With  the  iiitn'oved  reactivity  ot  these  powders  it  is  possible  that 
they  could  be  used  to  produce  ceramics  without  a separate  calcining 
step. 

At  present  the  reaction  kinetics  of  the  conversion  of  the  hydroxide 
to  PZT  and  the  sintering  kinetics  of  the  resultant  solid  solutions  are 
under  investiiiation. 

Once  these  processes  are  better  understood,  a series  of  PZT  cer- 
amics with  a wide  ranpe  of  cortpositions  will  be  produced  usiiui  the 
chemically  oropared  powders.  Electrical  and  mechanical  property  com- 
parisons will  be  made  with  conventionally  produced  ceramics  of  the 
same  compositions. 
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TARLi:  1 

Weight  Loss  n.itn 


Composition 

Calcination 

Temp/ Time 

Percent 
wt  loss 

0.48^3 

500/2  hr 

20.4/1 

500/4  hr 

20.61 

500/5  hr 

21  .33 

500/ v8  hr 

22.02 

500/10  hr 

— 

500/12  hr 

21.81 

500/16  hr 

21  .85 

600/2  hr 

22.73 

600/8  hr 

22.74 

800/2  hr 

22.02 

1000/2  hr 

22.47 

Pti7r  Ti  '■)  * 

' '■'0.52'’0.48^’3 

800/2  hr 

6.68 

PhZr,  -Ti,,  .0, 

0 . 0 0.43 

600/2  hr 

1'>.35 

1000/2  hr 

17.-J3 

600/2  hr 

.:.4  ? 

1 

^^^''0.7^’0.3^3 

1000/2  hr 

17.62 

1000/2  hr 

Ivl.lO 

*^ny  the  hydrolysis  of  PhO,  rirconium-teti'a-n-hutoxide  .iiiW  (it.xtntrit- 
tetra-n-hiitoxide. 


Li 


r 

1 

1 

t 

j; 


TAr.Ll  2 

X-rrty  niffi'dction  :)dta 


Composition 

Calcininq 

Temp('’C)/Time(hr) 

Major 

Phases 

Remarks 

^^^''0.52^\).48'^3 

500/2 

PbO.PZT? 

Broad  peaks 

500/4 

PbO,PZT 

Poorly 

500/6 

PbO.PZT 

crystal  1 ized 

500/8 

PbO/PZT 

500/10 

PZT-.PbO 

PbO  peaks  are  of 
lower  intensity 

500/12 

PZT:PbO 

■ than  the  PZl  peaks 
t)etter  crystal- 

500/16 

PZT/PbO 

1 ized 

600/2 

PZT.PbO 

600/8 

PZT.PbO? 

1 

800/2 

PZT 

1000/2 

PZT 

■ well  crystallized 

0.52^’ 0.48^3* 

800/2 

PZT 

t 

^^'*^''0.6^’ 0.4^3 

600/2 

PZT/PbO 

1 

1 

1000/2 

PZT 

1 

1 

600/2 

PZT.PbO 

i 

■ well  crystallized 

^^^’'0.7^’d.3^3 

1000/2 

PIT 

1000/2 

PZT 

. 

1 

1 

*r.y  the  hydrolysis  of  PhO  <•  zirconium  tetra-n-butoxide  + titanium  totra- 
n-butoxide. 
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Titanium-n- 

Hutoxide 


120°C 
12  hrs 


Polyethylene  jar, 
ethanol 
1 2 hrs 


120°C 
6 hrs 


500°C 
12  hrs 


PZT  Powder 


FFt,  1.  Flow  Sheet  for  Alkoxy  Derived  PZT. 


THE  ROLE  OF  Zr02  POWDERS  IN  MICROSTRUCTURAL  DEVELOPMENT  OF  PZT 
CERAMICS 


J.V.  Riggers,  D.L.  Hankey,  L.  Tarhay 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Processing  electrical  ceramics  to  obtain  reproducible  proper- 
ties is  not  an  easy  task.  Seemingly  inconsequential  changes  in  raw 
materials  or  processing  steps  can  produce  ceramics  with  quite  dif- 
ferent properties. 


The  lead  zirconate-lead  titanate  solid  solutions  used  in  manu- 
facture of  piezoelectric  devices  are  a good  example  of  processing 
sensitive  materials.  The  major  precessing  variables  are  generally 
considered  to  be:  powder  characteristics  (composition  and  particle 
size  distribution  and  morphology),  material  mixing,  calcining  and 
control  of  fvirnace  atmosphere  during  firing. 


The  calcining  step  is  usually  limited  to  temperatures  of  about 
900®C.  A recent  paper  by  Buckner  and  Wilcox^  shows  the  strong  in- 
fluence of  calcining  temperature  on  the  properties  of  the  fired 
ceramics.  These  differences  are  certainly  in  large  part  related 
to  the  reactivities  of  the  powders  which  in  turn  depend  to  a large 
extent  on  particle  composition  and  morphology.  Studies  of  reac- 
tions occurring  during  calcining"’^  have  shown  that  commercial 
Zr02  is  the  least  reactive  of  the  powders.  Matsuo  and  Sasaki-  sug- 
gest that  the  reaction  sequence  of  the  mixed  oxide  powders  used  to 
make  PZT  ceramics  involves  first  the  formation  of  PbTi03  and  then 
reaction  of  this  with  Zr02  to  form  PZT.  There  is  usually  a mixture 


of  several  phases  present 
Zr02.  Rosolowski  et  al.*^ 


after  precessing,  e.g.  PZT,  PbTi03  and 
have  determined  that  commercial  calcines 


contain  several  weight  percent  of  unreacted  ZrOT.  They  note  also 


that  the  ceramics  after  final  firing  can  contain  1-2  w/o  Zr02. 


While  there  is  ample  evidence  to  suggest  that  reactivity  of 
the  Zr02  is  an  important  factor,  it  is  extremely  difficult  to  relate 
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observed  differences  in  powder  composition  and  morphology  to  the 
reactivity.  Recent  work  in  this  laboratory  has  shown  that  the  only 
noticeable  difference  in  lots  of  powders  judged  good  or  bad  (accord- 
ing to  the  ceramic  produced)  was  the  state  of  agglomeration^. 

Quantitative  measurements  of  the  agglomeration  in  powders  are 
very  difficult.  In  order  to  test  the  hypothesis  that  the  state  of 
agglomeration  affects  reactivity,  a series  of  experiments  was  under- 
taken which  compared  ceramics  produced  under  identical  conditions 
but  with  different  ZrOT  starting  powders. 


The  Zr02  lots  chosen  were  judged  from  a qualitative  basis  to 
have  differing  agglomerate  character.  In  addition,  portions  of 
each  lot  were  subjected  to  different  high  energy  milling  pre- 
treatments  in  an  attempt  to  change  the  particle  and  agglomerate 
size  distribution. 


The  different  Zr02  powders  were  used  to  produce  ceramics  with 
the  composition  I’bZro. 55T0  45O3.  This  composition  was  chosen  as 
being  representative  of  many  commercial  PZT  ceramics  and  it  was  far 


enough  from  the  morphotropic  boundary 
ated  with  the  phase  transition^. 


to  preclude  anomalies  associ- 


E.KPERIMENTAL 

Three  different  lots  of  commercial  Zr02  powders  were  selected 
for  tliis  work — Tizon  lot  367ra  and  Harshaw  lots  3-76  and  1-75.  The 
initial  characterization  of  these  lots  using  optical  emission  spec- 
troscopy for  impurities  and  wet  chemical  analysis  for  major  elements 
has  been  reported  earlier 

Particle  size  and  shape  were  measured  using  a beam  controlled 
SEM  technique^  and  surface  area  was  determined  by  a BET  method. 

The  as-received  Zr02  powders  were  then  milled  vising  two  types 
of  equipment — a fluid  energy  mill  and  an  attrition  mill.  Construc- 
tion details  and  operation  of  both  types  of  mill;;  are  described 
by  Wang®. 

The  fluid  energy  mill  (Fluid  Energy  I’roducts,  Hatfield,  Pa.) 
uses  high-pressure  air  which  accelerates  the  individual  particles 
and  impacts  them  in  a rubber-lined  chamber.  Operating  air  pressures 
were  600  K Pa  and  the  residence  time  for  particulates  in  the  mill 
was  about  10  minutes. 

The  attrition  mill,  built  at  this  laboratory,  used  a polyure- 
thane lined  jar  mill,  a stainless  steel  impellor  covered  with  tygon 
tubing  and  a charge  of  0.011  m diameter  zirconia  balls.  The  milling 
was  done  for  20  minutes  at  200  rpm  impellor  speed  with  equ.il  volumes 
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of  powder,  ethyl  alcohol  and  ball  charge. 

Figure  1 shows  a processing  flow  chart  used  to  produce  ceramic 
discs.  The  powder  mixing  steps  were  carried  out  in  rubber-lined 
jar  mills.  Pan  drying  was  done  at  100®C  for  2U  hours.  The  dried 
cake  was  broken  up  in  an  alumina  mortar.  This  powder  was  calcined 
in  closed  99.9  w/o  AI2O3  crucibles  for  2 hours  at  900®C  in  an  elec- 
trical resistance  furnace. 

The  calcined  powders  were  pressed  into  about  0.015  m diameter 
discs  using  a Stokes  rotary  press.  Green  densities  were  carefully 
controlled  at  65  ± 1.0%  of  theoretical  for  all  pellets.  The  green 
thickness  of  the  pellets  was  about  0.0012  m.  Firing  of  the  pellets 
was  carried  out  in  closed  alumina  crucibles  using  a technique  de- 
scribed by  Klicker  and  Biggers^. 

Samples  of  the  different  pellets  were  distributed  randomly  on 
the  setters  inside  the  closed  alumina  crucibles  to  minimize  effects 
of  thermal  and  PbO  atmosphere  gradients. 


RESULTS  DISCUSSION 

Table  1 shows  the  particle  size  distribution  and  surtace  are.i 
data  for  the  as-received  and  milled  powders.  Table  2 shows  in  moie 
detail  the  particle  size  distribution  of  the  Uarshaw  lot  1-75  pow- 
ders. The  particle  size  changes  after  milling  were  not  signiticant 
.let  milling  increased  slightly  the  surface  area  of  the  three  lots 
used  while  attritor  milling  appeared  to  slightly  decrease  the  sur- 
face areas  for  the  Harshaw  lots  and  increase  Che  area  for  the  Tizon 
material. 

As  can  be  seen  from  Table  2,  tf»e  milling  did  tend  to  remove 
large  particles  and  shift  tlic  distribution  sliglitly  toward  a lower 
mean  diameter.  The  results  were  the  same  for  Che  otlier  lots. 

Tfie  shape  of  the  particles  given  by  tlie  min/ma.x  particle  dia- 
meter ratios  in  Table  1 renuiins  essentially  constant. 

Emission  spectroscopy  was  used  to  ct^eck  for  impurity  pick-up 
during  milling  and  no  contamination  was  detected.  After  calcining 
the  phases  present  were  checked  using  x-ray  diffraction  and  a wet 
chemical  method  for  PbU^.  With  all  as-received  lots  tlie  x-ray 
diffraction  showed  P2T  and  FbTiO-^.  In  all  milled  powders  only  I’ZT 
was  detected.  The  results  of  the  PbO  analyses  are  shoMi  in  Table  3 

There  was  a sicnificant  difference  in  unreacted  PbO  between  th 
Tizon  and  Harshaw  as-received  lots.  Milling  of  the  Zr02  powdt'r.s  <lid 
not,  however,  alter  the  amount  of  PbO  in  the  calcine. 
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Weigh  Oxides 

PbO  4 0.43Ti02  + 0.352rO2 

\ 

Mix  24  hrs 

Ethyl  alcohol  & Zr02  balls 
Drv 

I 

Mortar  and  Pestle 

I 

Calcine  Powder 
2 hrs  at  900*^0' 

4^ 

Mortar  and  Pestle 
c ^ 

Screen  v— 


Add  Binder  and  Plasticizer 
2 wtX  PVA 

biy 

Mortar  and  Pestle 

J 

Screen 

Press  5/i"  discs 

I 

Binder  Burnout 
b hrs  aj^  bOO'C 

Fire  discs 
1.3  hrs  at  IddO'C 


Figure  1.  Processing  Flow  Chart  for  ZrU.,  Study. 


Table  1.  Pata  on  Zr02  Powders  from  Automated  SEM  Image  Analysis 
and  Surface  Area  .Analysis. 


ZiO.,  Sample 

Average 

Diameter 

Meanim) 

0 

Min/Max 
Diameter 
Mean(m)  o 

Surface  Atea 
iBETl 

m-/kgixl0-3l 

Tizi’n  l.ot  3b7ni 

As  received 

O.b'J 

0.3 

0.47 

0.1  / 

18.4 

3 let  mills 

0.39 

0.3 

0.30 

0.18 

18.7 

At tr it  or  milled 

0 . bS 

0.3 

0.30 

0.18 

19. H 

Ha r Shaw  Lot  1-73 

As  received 

0.72 

0.5 

0.33 

0.1? 

13.3 

3 let  mill s 

U.b2 

0.3 

0.49 

0.17 

1 ^ . b 

Attritor  milled 

— 

— 

— 

— 

12.3 

Harsttaw  Lot  3- 7b 

As  received 

0.89 

0.3 

0.44 

0.18 

1 *4  , t> 

3 let  mills 

0.b9 

0.4 

0.31 

0.17 

13.3 

Attritor  milled 

0.b8 

0.4 

0.30 

0.17 

12.8 
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Table  2 • Average  Diameter  Distribution  for  Harshaw  Lot  1-75 
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Table  3.  Wet  Chemical  ^Vnalysis  to  Determine  "Free"  ?b0 


Sv>ecimen 

(ZrOo  Specifications) 


Tizon-Lot  367m 

As  received 
3 jet  mills 

Harshaw- Lot  1-75 

As  received 
3 jet  mills 
Attritor  milled 

Harshaw-Lot  5-7(> 

As  received 
3 jet  mills 
Attritor  milled 


Weight  ;;  "Free"  FbO 
After  Calcining  at  900'’C 
For  2 Hours  (o“l0.1^) 


1.1 

1.0 


O.b 

O.A 

0.3 


O.b 

O.A 

0.5 


0 


Table  -i.  Crain  Size  Data  tor  Fired  FZTs 


Fired  I’ZT  Sv'f'c. 

Tizon  367in 
As  received 
Jet  milled 

Harshaw  1-73 
As  received 
Jet  milled 
Attritor  milled 

Harshaw 

As  received 
Jet  milled 
Attritor  milled 


Ave.  Graiji  Size 


Microstructures  ot  the  ceramics  produced  1 rora  the  as-received 
and  attrition  milled  powders  from  Harshaw  Lot  ‘>—70  are  shown  in 
Fic. 


Fiji.  J.  Harshaw  .S-7b  as-rt'ce  iv«'vi ; Harshaw  ‘'-7n  attrttv't  milled. 
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Table  s lists  the  avera>;e  grain  sizes  determined  by  a linear 
intercept  technique  for  the  different  ceramics.  As  ca!i  be  seen, 
there  is  the  same  result  in  all  cases — the  as-received  ceramics  had 
a significantly  larger  grain  size  than  those  produced  from  milled 
powders.  In  each  lot  the  attrition  milled  powders  had  the  finest 
. grain  size.  While  it  is  only  speculation  at  this  point,  it  seems 

likely  that  the  differences  in  grain  size  between  the  as-received 
and  milled  powders  must  be  due  to  reactivity  differences  during 
calcining.  It  is  presumed  that  the  absence  of  the  low  melting 
PbTiO^  phase  and  the  presence  of  a PUT  phase  with  higher  ZrO^  con- 
tent would  lead  to  a situation  where  less  liquid  phase  was  present 
during  final  sintering.  This  could  result  in  a finer  grained  pro- 
duct. 

Table  5 shows  the  fired  deirsity  and  dielectric  properties  of 
the  different  ceramics.  The  densities  are  essentially  the  same  for 
all  specimens.  The  weak  field  K and  tan  6 values  measured  using 
unpoled  specimens  are  in  gener.il  agreement  with  those  tor  cer.imics 
of  the  same  composition  reported  by  Kerl incourt  et  al.^^’.  There 
were,  however,  significant  differences  in  K between  as-received 
lots  and  as  a function  of  milling.  Some  of  the  differences  can  be 
attributed  to  grain  size  effects,  but  diiferent  phase  combinations 
present  as  a result  of  reactivity  differences  must  account  tor  some 
• of  the  variations. 


Table  5.  IVnsitv  and  Electric.il  U.ua  tor  PbZ 


Spec imen 
(ZrO^  Spec . 1 

Ave . Density 
of  Fired  Disc 
kg/m^txlO--'l 

* 4 

Ave.  Dielectric 
Constant  (Ki 

Ave . 

Loss 

Dielect  r ic 
(Tan 

Tizon  Lot  Tt)7m 

As  received 

7.b3 

S3m  ’ Ip 

.oo:p 

3 jet  mills 

7.od 

SOI  • 8 

. 003p 

Harshaw  Lot  1-7^ 

As  received 

7 .P‘) 

PmI  • IP 

.0033 

3 jet  mills 

7 . (v; 

.‘iJd  ? 13 

.OOmO 

Attritor  mill 

7 . Pm 

* 13 

. 00m  3 

Harshaw  Lot  5-7b 

As  received 

7 . bP 

.SpS  1 13 

.0031 

3 jet  mills 

7.P2 

M^lP  • lb 

. 00m  1 

Attritor  mill 

7.P0 

• 11 

.00m  8 

*A1 1 density  measurements  are 

' geometrical  and  wore 

randomly  checke 

using  a mercury 

porosimet  er . 

All  electrical 

measurement  s 

were  made  at  22'‘C  and 

1 MH: 

J 
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CONCLUSIONS 


We  have  shown  that  high-energy  milling  of  different  Zr02  powders 
used  to  produce  FZT  ceramics  can  have  a significant  effect  on  the 
ceramics'  microstructure  and  electrical  properties.  Characteriza- 
tion of  the  powders  showed  that  there  was  little  difference  in  com- 
position and  particle  morphology  before  and  after  milling.  Quali- 
tatively the  milled  powder  appeared  to  contain  fewer  agglomerates. 


The  reactivity  of  the  Zr02  powders  with  the  other  oxides  during 
calcining  was  increased  by  milling.  In  all  the  calcines  produced  from 
milled  powders,  only  PZT  was  detected. 


The  results  of  this  work  strongly  suggest  that  the  variability 
of  the  piezoelectric  properties  of  commercial  PZT  ceramics  is  re- 
lated to  the  reactivity  of  the  Zr02  used  in  the  process.  More  wor 
is  needed  to  determine  the  relation  between  the  reacuvity  of  the 
powders,  the  phases  produced  during  calcining,  and  the  resultant 

ceramic  properties. 
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The  Effect  of  Post  Casting  Pressing 
On  the  Density  of  Tape  Cast  PZT 

J.V.  Diggers,  T.R.  Shrout  and  W.A.  Schulze 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Abstract 

The  fabrication  of  piezoelectric  devices  using  ceramic  tape 
requires  careful  control  of  green  density.  The  feasibility  of  using 
a post  casting  pressing  process  to  increase  the  green  density  has 
been  investigated.  Results  of  increasing  tape  green  density  on  fired 
density,  ceramic  microstructure  and  some  electrical  properties  of  a 
commercial  PZT  formulation  are  described. 
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1 . I NTROpUClION 

Tape  casting  is  widely  used  in  the  manufacture  of  ceramic  capaci tors^ ^ ^ and 

(21 

substrates  for  microelectronic  circuits'  . In  this  process  a suspension  of 
ceramic  powders  in  a liquid  is  cast  on  a smooth  surface  such  as  glass,  stainless 
steel,  or  plastic.  Evaporation  of  the  liquid  produces  a thin,  flexible  ceramic 
loaded  plastic  sheet  that  can  be  cut  into  the  desired  shape  and  fired  to  produce 
the  finished  ceramic  parts.  The  niicrostructure  and  properties  of  the  cast  parts 
are  usually  indistinguishable  from  parts  fabricated  in  other  ways  such  as  cold 
pressing  or  extrusion. 

At  present  little  use  is  made  of  tape  casting  in  the  fabrication  of  piezo- 
electric devices.  From  a conceptual  standpoint,  however,  assembly  of  piezo- 
electric devices  from  tape  cast  ceramics  seems  to  offer  some  definite  advantages. 
Lamellar  heterogeneous  structures  consisting  of  either  layers  of  ceramic  of  the 
same  composition  with  internal  electrodes,  alternating  layers  of  ceramics  of 
different  composition  and  external  electrodes,  or  alternating  layers  of  ceramic 
of  different  composition  with  internal  electrodes  could  be  expected  to  have 
interesting  piezoelectric  properties;  for  instance  by  proper  choice  of  internal 
electrode  configurations  and  (or)  ceramic  layer  compositions  it  should  be 
possible  to  produce  devices  with  one  or  more  of  the  following  characteristics: 
easier  poling,  better  resistance  to  depoling,  improved  temperature  stability, 
and  better  piezoelectric  response. 

To  produce  these  device  configurations,  it  will  undoubtedly  be  necessary 
to  carefully  control  the  particle  size  and  shape  distribution  of  the  powders 
and  the  green  density  of  the  tape.  This  is  necessary  to  obtain  acceptable 
fired  densities  consistent  with  firing  schedules  that  are  suitable  for  cofiring 
of  internal  metal  electrodes  or  ceramic  layers  of  different  composition. 
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To  effect  this  control  of  the  sintering  kinetics  would  normally  require 
painstaking  characterization  and  communition  of  the  ceramic  powders  and  con- 
siderable manipulation  of  the  solvents,  binders,  plasticizers  and  deflocculants 
of  the  liquid  suspension  system  plus  changes  in  milling  and  casting  procedures. 

If  the  green  density  of  the  tape  is  the  controlling  factor  in  determining 
the  sintering  behavior  a simpler  and  possibly  more  effective  alternative  pro- 
cess is  suggested--post  casting  pressing.  If  this  technique  can  be  used  to 
increase  the  green  density  and  if  the  green  density  determines  shrinkage  and 
final  density,  then  it  is  possible  that  a "standard"  casting  procedure  can  be 
used  to  produce  tapes  with  lower  than  desired  green  densities  which  can  then 
be  raised  to  the  desired  value  by  pressing. 

In  the  work  described  here  we  have  investigated  the  effect  of  post  casting 
pressing  on  properties  of  tapes  produced  from  a commercial  lead  zirconate-lead 
titanate  (PZT)  formulation. 

2.  EXPERIMENTAL 

A commercial  organic  liquid  suspension  system*  (binder)  and  PZT  powder"'’  were 
used  to  produce  the  tape  for  these  experiments. 

To  determine  the  effect  of  poivder  size  distribution  on  the  pressing  behavior 

*1**^ 

a portion  of  the  PZT  powder  was  passed  through  a high  energy  mill 

The  particle  size  and  shape  distribution  of  the  powders  was  determined  using 

a computer  assisted  scanning  electron  microscope  and  a technique  described  by 
(31 

Lebiedzik  et  al.  . The  process  involves  computer  control  of  the  SEM  raster 
which  generates  both  a particle  size  distribution  and  a shape  distribution  based 
on  a set  of  eight  orthogonal  diameters  imposed  on  each  particulate  in  a large 
sample. 

*CTaydbn  Finder  B-^,  Lot  117,  Cladar  Inc.,  11404  Sorrento  Valley,  San  Diego,  Ca. 
92121. 

'Ultrasonic  powder  PZT-401,  Ultrasonic  Powders,  Inc.,  2383  S.  Clinton  Ave.,  South 
Plainsfield,  N.J.  07080. 

'^Fluid  Energy  Mill,  Fluid  Energy  Products,  Hatfield,  Pa. 
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Figure  1 shows  the  size  and  shape  distribution  of  the  as  received  powder. 
The  average  diameter  is  about  4 um  and  the  grain  shapes  are  somewhat  elongated. 

Figure  2 shows  the  size  and  shape  distribution  of  the  as  received  powders 
after  jet  milling.  The  average  particle  size  has  been  shifted  to  about  2.5  pm 
with  a much  sharper  distribution.  The  shapes  are  more  nearly  spherical,  which 
suggests  that  much  of  the  size  change  was  due  to  agglomerate  breakup. 

Suspensions  of  four  different  powder/organic  binder  ratios  were  produced 
by  mixing  the  powders  and  liquid  in  small  polyurethane  jars  for  48  hours. 

The  normal  mill  charge  consisted  of  Borundum  cyl inders, 0.5"  dia,  amounting  to 
about  25  v/o  of  the  jar. 

Typical  viscosities  of  the  slips  are  listed  in  Table  1. 

Tapes  were  cast  on  a laboratory  casting  machine  which  utilizes  a moving 

glass  plate  as  the  casting  surface.  The  fixed  doctor  blade  assembly  is  based 

M) 

on  design  by  Runk  and  Andrejco'  which  utilizes  two  blades  and  double  slip 
hoppers  to  minimize  the  effects  of  hydrostatic  head  variation  and  surface  ten- 
sion. 

Casting  <as  done  at  the  rate  of  0.4'7sec  with  blade  heights  of  0.025". 

Tape  thickness  after  drying  was  greater  than  0.01". 

The  dried  tapes  were  cut  into  1"  squares  and  pressed  at  pressures  ranging 
from  850  to  38000  psi  (5.87  x 10®  - 2.62  x 10®  n/m^)  using  a small  hydraulic 
press.  Green  density  of  the  tapes  before  and  after  pressing  was  calculated 
from  thicknesses  measured  using  a dial  micrometer  gauge. 

Sintering  was  done  in  closed  high  pu, ity  alumina  crucibles.  The  tapes 
v>/ere  placed  on  fired  setters  of  the  same  composition  and  a small  amount  of 
lead  zirconate  was  added  as  a source  of  PbO.  A silicon  carbide  resistance  fur- 
nace with  a programable  controller  was  used  for  all  firings.  The  heating  rate 
was  200“C/hr  and  the  samples  were  cooled  with  power  off. 
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Fig.  1.  Particle  Size  Analysis  for  PZT-401 . 
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Fig.  2. 


Particle  Size  Analysis  for  Jet-Milled  PZT-401. 
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Table  I.  Viscosity  for  Different  Powder/Organic  Binder 
Slip  Systems 


Powder/Organic 

Viscosity  (cps)* 

74/26  wtX 

2250 

65/35  wt% 

330 

50/50  wt% 

170 

34/66  wt% 

no 

■'■74/26  wn 

1000 

^Viscosities  measured  using  a Brookfield  viscometer  at 
22°C  ± 1°C,  with  spindle  #6  at  100  rpm. 

Jet  milled  powder  used. 
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3.  RESULTS  AND  DISCUSSION 
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Figure  3 shows  the  results  of  the  pressing  experiments.  Each  point  on  the 
curve  is  an  average  of  at  least  6 separate  pressings. 

For  all  powder/organic  ratios  studied  the  pressing  behavior  was  essentially 
the  same--the  initial  densification  rate  was  high  and  then  leveled  off.  The 
pressure  at  which  the  densities  reached  a maximum  was  inversely  related  to  the 
amount  of  organic  in  the  tape. 

Table  II  shows  the  initial  and  maximum  green  densities  of  the  tapes  as  a 
function  of  the  powder/organic  ratios.  For  the  as  received  powders  the  maximum 
increase  in  density  decreased  with  increasing  organic  content.  The  jet  milled 
powder  with  the  smaller  particle  size  and  more  nearly  spherical  shapes  showed 
the  largest  increase  in  density. 

DTA  studies  of  the  Cladan  binder  system  showed  that  about  10  w/o  of  the 
binder--a  high  molecular  weight  polymer--would  be  retained  after  normal  drying 
of  the  tapes.  This  means  that  increasingly  large  amounts  of  organic  are  retained 
in  the  tape  as  the  powder/organic  ratios  decreased. 

The  compaction  behavior  suggests  that  the  polymer  influences  the  compaction 
mechanism(s) . At  high  polymer  contents  the  samples  quickly  reached  their  maximum 
density  and  further  pressure  caused  only  elastic  deformation.  With  decreasing 
amounts  of  polymer,  powder  particle  breakdown  and  rearrangement  was  probable  and 
compaction  continued  to  higher  pressures  resulting  in  higher  green  densities. 

The  importance  of  the  powder  particle  size  and  shape  distribution  on  com- 
paction behavior  is  seen  by  comparing  the  data  for  tapes  made  with  the  as  received 
and  jet  milled  powders.  The  jet  milled  powders  had  a smaller  average  particle 
size,  a narrower  size  distribution,  and  were  more  nearly  spherical.  Tapes  made 
with  these  powders  had  a larger  percentage  increase  in  density,  and  the  compaction 
process  continued  to  higher  pressures. 


i 

' 


• 74/26  wt7e 
■ 74/26  wt7o( jet  milled) 
A 65/35  wt7o 


▼ 50/50  wt7< 


♦ 34/66  wt7o 


Green  density  as  a function  of  stress  for  different 
powder/organic  tape  ratios. 
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Table  !!•  Initial  and  Maximum  Green  Densities  of  Tapes  as  a Function 
of  the  Powder/Organic  Ratios. 


Powder/Organic 

Initial 

Density 

(g/cc) 

Maximum  Pressed 
Density 
(g/cc) 

% Increase 

74/26  w« 

3.63 

4.65 

28. n 

65/35  wtX 

3.54 

4.54 

28.2 

50/50  wt% 

2.68 

3.24 

20.9 

34/66  wt% 

1.56 

1.80 

15.4 

74/26  wU* 

3.36 

4.66 

38.7 

*Jet  milled  powders  used. 
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Typical  SEM  micrographs  of  a tape  before  and  after  pressing  are  shown  in 
Fig.  4.  The  closing  of  porosity  during  pressing  is  evident. 

Initial  firing  studies  have  been  limited  to  the  tapes  with  the  highest 
as  cast  densities--those  with  a powder/organic  ratio  of  74/26  w/o.  Four  firing 
temperatures,  1220,  1240,  1270,  and  1325‘’C  with  hold  times  of  1.5  hours  were 
used. 

For  the  range  of  green  densities  investigated  (3.6  and  4.7  gm/cc)  the  rela- 
tion between  green  and  fired  densities  is  essentially  linear  for  each  of  the 
firing  temperatures,  as  shown  in  Fig.  5.  The  slope  of  the  lines  decreases  with 
firing  temperature  and  then  apparently  converge  to  values  of  green  density  and 
fired  density  of  M.S  and  7.7  gm/cc. 

Aside  from  the  amount  of  porosity  the  microstructures  of  the  tapes  pressed 
to  the  different  green  densities  and  fired  at  the  same  temperature  were  essen- 
tially the  same.  Firing  of  higher  temperatures  led  to  an  increase  in  grain 
size.  Typical  microstructures  for  the  1220''  and  1335'’C  firings  are  shown  in 
Fig.  6.  The  average  grain  size  determined  using  a linear  intercept  technique 
was  2.2  urn  for  1220‘’C,  2.8  urn  for  1240'’C,  5.6  urn  for  1270'’C,  and  7.8  v.m  for  the 
1325'’C  firings. 

Dielectric  and  piezoelectric  properties  varied  little  with  pressing  pressure. 
Typical  values  of  weakfield  K and  tan  6 measured  at  1 KHz  and  d^^  determined 
24  hours  after  poling  of  3000  v/cm,  100‘’C  for  2 min  are  shown  in  Table  III  for 
ceramics  pressed  to  the  highest  green  densities. 

While  there  is  an  apparent  grain  size  dependence  of  the  permittivity  and 
d^o*  the  values  are  all  within  the  ir.anufacturer ' s specifications. 
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Piezoelectric  coefficient. 


FIRED  DENSITY  (g/cc) 


Table  III.  Typical  Values  of  Dielectric  Constant  (K)  on  Tan  6 and 
Piezoelectric  Coefficient  d33  for  PZT  Samples  Fired  to 
Maximum  Densities. 


Firing 

Temperature 

Dielectric  Constant(K)* 

Tan  6 

d33''’  (xlO^^n/c) 

^2^0°C 

1213 

.0045 

216 

1240°C 

1386 

.0086 

361 

1270“C 

1406 

.0240 

273 

1325°C 

1431 

.0234 

385 

ft 

1300-1330°C 

1350 

290 

* Dielectric  constant  determined  using  Hewlett  Packard  (Model  4270A) 
Automatic  Capacitance  Bridge  at  IkHz. 


Piezoelectric  coefficients  determined  using  Berl incourt  (Model  3300 
dj^  Meter  at  100  Hz. 

^^Ultrasonic  Inc.  commercial  data  for  PZT-401  fired  1300-1330°C 
(.5-1.5  hrs). 
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3.  SUMMARY  AND  CONCLUSIONS 

In  this  work  we  have  shown  that  post  casting  pressing  can  be  used  to 
increase  the  as-cast  density  of  green  tape. 

It  has  further  been  established  that  over  a wide  range  of  firing  condi- 
tions a linear  relation  exists  between  the  green  and  fired  density  of  the 
tapes. 

At  present  the  exact  reasons  for  the  relationship  and  the  significance 
of  the  convergence  to  a point  are  not  clear  to  the  authors. 

The  microstructure  of  the  fired  tape,  the  permittivity  and  d23  values 
are  not  much  affected  by  the  pressing  process.  Both  the  microstructure  and 
electrical  properties  are  comparable  to  those  of  parts  produced  from  pressed 
discs. 

An  interesting  point,  however,  is  the  fact  that  tape  casting  has  a 
pronounced  effect  on  the  sintering  kinetics  of  the  PZT. 

Discs  of  PZT-401  pressed  to  green  densities  of  4.7  gm/cc  will  not  fire 
to  the  7.7  gm/cc  density  at  temperature  below  about  1320°C  using  the  same 
firing  schedule  as  used  for  the  tape  cast  parts.  Tape  cast  parts  of  somewhat 
lower  green  density  will  attain  this  density  when  fired  at  1220°C.  ! 

Preliminary  particle  size  and  surface  area  measurements  show  little  differ-  ; 

ence  between  the  as  received  PZT  powders  and  the  powders  in  the  slip  used  to 
cast  the  tape.  It  is  difficult  to  speculate  about  the  causes  of  the  increased  powder 
reactivity  in  the  tapes  without  a more  thorough  characterization  of  the  powders. 

At  present  work  is  in  progress  to  extend  the  green  density-fired  density 
data  to  both  higher  and  lower  values  of  green  density. 

An  effort  will  be  made  to  use  current  sintering  models  to  explain  the 
linear  relationship  of  the  green  and  fired  densities, 
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Additional  work  is  planned  on  the  characterization  of  the  powders  in  the 
slip  and  an  analysis  of  sintering  will  be  inade  in  attempt  to  explain  the 
enhanced  sintering  that  occurs  for  the  tape  cast  parts. 
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A major  part  of  the  effort  has  been  concerned  with  the  development  of  new 
techniques  for  the  fabrication  of  diphasic  ceramic  and  ceramiciplastic  compo- 
sites and  with  investiyation  of  the  manner  in  which  local  at)d  macroscopic 
symmetry  and  phase  interconnection  (connectivity)  controls  the  coupled  elasto- 
electric  (piezoelectric)  and  thermo-elasto-electric  (pyroelectric)  properties 
of  the  composite.  Replicating  a natural  microstructure  of  desired  connectivity 
a new  type  of  flexible  ceramic  elastomer  composite  has  been  developed  which 
exhibits  constants  over  an  order  of  magnitude  larger  than  PZT  and  has  inter 
esting  potential  for  nuiny  passive  voltage  generation  applications  such  as  in 
hydrophones  and  tovved  arrays^  <' 

Tape  casting  (doctor  blade)  methods  are  being  used  to  explore  a wide 
range  of  potentially  interesting  lamellar  heterogeneous  systems  with  ferro- 
electric, anti  ferroelectric  and  interleaved  electrode  configurations.  New 
pretreatments  of  the  cast  tapes  are  being  studied  to  equalize  shrinkage  in 
the  different  compositions  during  firing  and  poling  and  property  studies  are 
now  in  progress  for  a number  of  these  new  composite  systems. 

Electrostriction  transducers  in  the  ferroelectric  relaxor  family 
Pb^MgNb^OgrPbTiO^  have  been  studied,  and  in  cooperation  with  Corning  Research 
Center  extruded  multi-element  transducer  structures  incorporating  these 
materials  are  being  investigated. 

The  ADAGE  computer  graphics  faciilty  at  Penn  State  is  being  used  to 
develop  a family  of  Elastic  Gibbs  functions  for  the  PZT  solid  solution  system 
and  to  study  the  full  three  dimensional  polarization  surfaces  in  the  vicinity 
of  the  morphotropic  phase  boundary. 

Processing  studies  have  been  perfomed  on  PZT  and  on  various  relaxor 
ferroelectric  formulations.  Preparation,  calcining,  fabrication  and  densifi- 
cation  procedures  have  had  to  be  developed  both  for  conventional  single  phase, 
and  for  the  more  unusual  diphasic  systems  presently  under  study. 
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